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Abstract
Heavy transition metal (TM) compounds often display highly unusual physical properties
due to strong spin-orbit coupling and spatially-extended d orbitals. The latter promotes
large intersite orbital hopping t. In many cases, these enhanced t values become comparable
or even larger than Hund’s coupling JH . In this case, “molecules in solids” could be a
more appropriate picture when we have heavy-TM clusters, where some inter-site covalent
bonds form due to the strong orbital overlap. Therefore, molecular orbital (MO) effects may
become extremely important, although they have historically been ignored when studying
heavy transition metal compounds. This thesis consists of three projects that were designed
to study MO effects in heavy transition metal compounds with the 6H-perovskite structure.
The first chapter of this thesis describes background material required to understand
the original research presented later, while the second chapter describes the experimental
techniques used in the research. In Chapter 3, we discovered the realization of the orbitalselective Mott state at the molecular level in Ba3LaRu2O9, which appears to represent the
first conclusive example of this phenomenon. Chapter 4 is based on my published work of
Ba3CeRu2O9, where we found a large zero-field slitting ∼ 85 meV that is a consequence of
molecular orbital formation within the Ru dimers of this material. We explored further by
extending our study to the 5d iridate Ba4LiIr3O12 in Chapter 5. This material adopts the
same 6H-perovskite space group as the materials discussed in Chapters 3 and 4, and appears
to be the first real example of a 5d 4 system exhibiting magnetic order. All these examples
together suggest that MO effects cannot be ignored in heavy transition metal molecular
magnets. Instead, they need to be treated on equal footing with intra-site effects to ensure
an accurate description of the magnetism in these materials.
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Chapter 1
Introduction and Background
1.1

Transition Metal Magnetism: General Treatment

The investigation of magnetism has been one of the most attractive subjects of research for
a long time in human history. Despite the fact that some heuristic explanations based on
classical physics can be made, it is now a common knowledge that magnetism has a quantummechanical origin and that only quantum theory can fully explain some basic magnetic
phenomenons, for instance, paramagnetism and ferromagnetism. In addition to widespread
interest from a fundamental science standpoint, magnetism is also an important topic in
materials science and engineering. Materials with different magnetic properties and functions
are highly desirable for technological applications, for example, information storage, reading
and transport. Thus from the perspective of both science and technology, the study of
magnetism is highly relevant in today’s society.
A large playground of magnetism is provided by transition metal (TM) compounds, which
are a very interesting class of materials with extremely rich properties. To begin with, we
recall the general treatment of describing a system with transition metal ions. Typically, the
magnetic properties of isolated ions are used as a starting point for describing the magnetism
of transition metal compounds, and then crystalline electric fields (CEFs) from surrounding
ligands are considered next. One of the most common local environments for transition
metals is octahedral coordination, typically with anions such as oxygen. Once we have a
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detailed description of the magnetism at a local level, we can take different inter-atomic
interactions into account with the perturbation theory.
Most magnetic properties of transition metal compounds arise from unpaired electrons
in d -orbitals. Hund’s rules, which favor high spin states, typically serve as a starting point
to establish the electronic ground state for a single ion, although lower spin states are also
possible in the presence of a strong crystalline electric field. For the special case of 3d
transition metal ions in an octahedral local environment, the t2g subshell electrons often
form a high-spin only state according to Hund’s rules. Each transition metal site then
carries magnetic moments with spin S that can interact with neighboring sites via exchange
to produce a vast array of collective magnetic ground states.
On the other hand, when it comes to heavy transition metal compounds based on 4d/5d
TMs, one typically expects a strong entanglement between spin and orbital degrees of
freedom and therefore the spin itself is generally not a good quantum number. Instead,
the magnetic ions are best described with moments based on the total angular momentum
quantum number J = S + L [3].

1.2

“Molecules” in Solids

Heavy transition metal compounds have a vast array of interesting physical properties due
to the presence of strong spin-orbit coupling and spatially-extended d-orbitals. In particular,
the latter promotes large effective d-d hopping, usually denoted with t [4]. As a consequence,
we may find situations where this inter-site hopping term t becomes comparable or even
larger than typical intra-atomic interactions such as Hund’s coupling JH and the spin-orbit
coupling constant λ. Khomskii et al. discussed that in such a case, one has to include the
intersite effects from the very beginning [3]. The standard perturbation approach discussed
in the previous section may break down. Instead, the concept of “molecules in solids” gives
the more appropriate picture when we have small TM clusters, particularly for cases where
some intersite covalent bonds are formed due to the strong orbital overlap.
The presence of “molecules” in solids is not rare in heavy transition metal compounds
with 4d and 5d TM ions. For example, in systems with TM dimers and/or trimers, there
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are many examples where the distances between the TM ions in a dimer or trimer unit are
even shorter than the nearest neighbour distances in the corresponding TM metal, which
could indicate the presence of “molecules” in solids [5]. In such cases, the TM ions forming a
molecule, for example, a dimer, are sharing some electrons. These electrons in the hybridized
orbitals are partially-delocalized and form non-magnetic singlet pairs. As a consequence, the
magnetic moments of the TM ions in molecules will be reduced or strongly suppressed.
Besides reducing the magnetic moments, this molecular orbital (MO) effect will also
suppress the double-exchange (DE) mechanism in ferromagnetic systems [3]. The interplay
between MO effects, intra-atomic interaction and SOC has been discussed by Streltsov and
Khomskii in Ref. [3], where they emphasized the importance of this competition in 4d and 5d
transition metal oxides that are being intensively studied nowadays. Heavy transition metal
compounds where molecular orbitals have been argued to play an important role include αRuCl3 [6, 7], Li2 RuO3 [8, 9], LiZn2 Mo3 O8 [10, 11], Na2 IrO3 [12, 13, 14] etc. These systems are
particularly topical due to their potential for realizing exotic magnetic phenomena including
the Kitaev spin liquid, valence bond condensation, and different topological effects, which
have generated tremendous excitement in the past few years. Due to the breakdown of the
standard approach for treating magnetism in heavy transition metal systems, a fundamental
question in the field of heavy transition metal molecular magnetism is: how do we deal
with the interplay between the fomation of covalent bonds, spin-orbit coupling and intraatomic exchange interactions? Can we find a family of molecular magnets where we can
systematically study the competition between molecular orbital formation and local moment
physics?

1.3

Molecular Orbital Effects in 6H-perovskites

The 6H-perovskite system, with the general chemical formula Ba3 MR 2 O9 , has been
extensively studied and it has been a fertile ground for the discovery of some highly
unusual physical properties. The crystal structure is usually isostructural to hexagonal
barium titanate, with R 2 O9 structural dimers composed of two face-sharing RO6 octahedra
[Fig. 1.1]. The M site ions are distributed on a quasi-2D triangular lattice, which has
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generated tremendous interest in the frustrated magnetism community. Therefore, there
have been several studies that have focused on systems with magnetic M sites only. Some
interesting materials in this subgroup include the quantum spin liquid candidate Ba3 NiSb2 O9
[15], the quantum spin-orbital liquid candidate Ba3 CuSb2 O9 [16], and the perfectly isotropic
triangular lattice S = 1/2 antiferromagnet Ba3 CoSb2 O9 [17].

Figure 1.1: The crystal structure of Ba3 MR 2 O9 with R2 O9 dimers composed of face-shared
RO6 octahedra.

Very few studies have concentrated on the other case, where the R sites are magnetic
while the M sites are non-magnetic. So what’s the difference between the M and R sites? If
we look at the 6H-perovskite structure, as is shown in Figure 1.1, we find that the M sites
are centered in isolated M O6 octahedra, while the R sites form face-shared octahedra dimer
units R 2 O9 , which could behave like molecules in solids when MO effects become significant.
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Interestingly, for cases where the magnetic building blocks of Ba3 MR 2 O9 are the R 2 O9
dimers themselves, a quasi-2D triangular lattice of molecular degrees of freedom may be
realized. This is analogous in some ways to the triangular lattice generated by systems
with magnetic M ions only, but now Jahn-Teller distortions that can cause deviations from
ideal triangular lattice geometry are less likely. This molecular frustrated geometry may be
responsible for some of the exotic properties observed in these materials with magnetic R
ions only, including spin liquid behavior in Ba3ZnRu2O9 [18], the quantum spin-orbital liquid
in Ba3ZnIr2O9 [19], and interdimer charge ordering in Ba3NaRu2O9 [20]. For this reason, it
is extremely important to first establish the electronic ground states of the R-R dimers.
Despite the absence of a systematic theoretical study on the electronic ground states of
the 6H-perovskites with magnetic R sites only, there is some important work that addresses
the role that MO effects play in face-sharing octahedral systems with different number of
valence electrons per dimer more generally. Stranger et al. used density functional theory
(DFT) investigations to study the competition between a local moment/double exchange
picture and molecular orbital formation in materials with [M 2 Cl9 ]n− (M = Mn, Cr, Mo,
Tc, Re, etc.) face-sharing octahedra [21, 22, 23, 24, 25, 26, 27]. For example, given a 5d 4
single ion problem, we would expect a non-magnetic ground state due to strong spin-orbital
coupling [28]. However, with strong orbital overlap, the MO effect might dominate, and
therefore the SOC mechanism generating the non-magnetic ground state could be highlysuppressed [5]. In fact, Ref. [22] indicates that the electronic ground state for [Tc2 Cl9 ]3− and
[Re2 Cl9 ]3− is actually Stot = 1, rather than non-magnetic, due to metal-metal bonding. This
state is characterized by the delocalization of the metal-based electrons in relatively short
Tc-Tc and Re-Re double bonds.
We will review some of the 6H-perovskites in the previous literature in the following
subsections to address the significance of the MO effects in this material family.

1.3.1

Ba3M Ru2O9 (M = Y, In and Lu)

The original research presented in this thesis was motivated in part by our collaboration’s
previous work on Ba3 M Ru2 O9 (M = Y, In and Lu) [1]. These materials have 7e − per Ru
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dimer and before our detailed experimental study the electronic ground states of the Ru
dimers were not well-understood.
Doi et al.

first studied these materials by performing X-ray diffraction, resistivity,

magnetic susceptibility, and specific heat measurements [29]. All these compounds adopt
the 6H-perovskite structure with the same space group P 63 /mmc (No. 194). They are
all non-metallic from 100-400 K. The magnetic susceptibilities show a broad peak near
300 K and magnetic ordering transitions at fairly low temperatures: 4.5 K for the Y and
In compounds, 9.5 K for the Lu compound. These transitions are indicated by sharp peaks
in the temperature dependence of specific heat measurements and magnetic susceptibility. In
the original study of these materials, they adopted the simple assumptions that all 7 electrons
in each Ru-dimer unit were localized on individual Ru sites, forming Ru4+ -Ru5+ pairs. In
addition, Ru4+ (4d 4 , S = 1) and Ru5+ (4d 3 , S = 3/2) are coupled antiferromagnetically,
which gives rise to the Stot = 1/2 dimer ground state. The broad peaks at ∼ 300 K were
assigned to the thermal excitation from Stot = 1/2 to Stot = 3/2 state of the d 3 -d 4 dimer
units. However, this model failed to explain the magnetic properties of the isostructural
analog Ba3LaRu2O9, which seems to adopt a Stot = 3/2 dimer ground state as opposed to
Stot = 1/2. It also lacks the broad excitation feature at ∼ 300 K.
Later on, Senn et al. performed neutron powder diffraction measurements on Ba3YRu2O9
and Ba3LaRu2O9 for comparison [30]. In sharp contrast to the charge ordering picture of the
Doi paper, they found that there is no evidence of charge ordering down to 2 K. In addition,
they found that the magnetic structure of both materials consisted of ferromagnetic Ru spin
dimers that formed a stripe-like ordering pattern [30]. Intriguingly, in both systems, the
observed ordered moments are highly-reduced (1.4 µB /Ru for Ba3LaRu2O9 and 0.5 µB /Ru
for Ba3YRu2O9) compared to the expected double exchange value of 2.5 µB /Ru. Thus, this
simple double exchange dimer picture cannot explain the susceptibility and the strongly
reduced moment sizes.
The purpose of our detailed study was to definitely establish the electronic ground
states of the Ru dimers in these materials. In our previous work, we have used magnetic
susceptibility, heat capacity, muon spin relaxation (µSR), and neutron scattering to
investigate both the single dimer and collective magnetic properties of the M = In, Y,
6

Figure 1.2: (a) Energy-level and spin occupation diagram for a hybridized Ru4.5+ -Ru4.5+
dimer with large bonding energy, which is likely to apply to the In, Y, and Lu samples. (b)
Energy-level diagram with lower bonding energy as expected to apply to the La sample. (c)
Magnetic susceptibility of the In, Y, and Lu samples, with the fits from Ref. [1] superimposed
on the data. (Figure is taken from Ref. [1].)
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and Lu systems [1]. We found that the MO regime is realized in a subset of the Ba3 M Ru2 O9
family, where M = Y, Lu, and In. More specifically, we propose that three covalent bonds
form between Ru ions of a dimer due to significant orbital overlap, which implies that these
systems are comprised of molecular magnetic building blocks. Since there are seven valence
electrons per dimer, our expectation is that the remaining electron is delocalized over the
dimer, leading to a Stot = 1/2 spin per dimer. A cartoon picture of the expected molecular
orbital scheme is shown in Figure 1.2(a). Combined magnetic susceptibility and inelastic
neutron scattering data (not shown), with the former shown in Figure 1.2(c), support this
interpretation. This initial work establishes that MO effects are important in at least a
subset of the materials in this 6H-perovskite family.
Ba3 LaRu2 O9 , on the other hand, behaves totally differently. It also has seven electrons
per Ru dimer, but surprisingly its magnetic susceptibility is drastically different from the Y,
Lu, and In analogs [29, 1]. Furthermore, the previous neutron powder diffraction work finds
that the magnetic structures of the Y and La systems are identical, but the magnitude of
the Ru ordered moment is much larger in the La case [30], as discussed above. Rather than
Stot = 1/2, Ba3 LaRu2 O9 seems to adopt a mysterious Stot = 3/2 dimer ground state.
We proposed that this difference could be understood in the context of the molecular
building block picture described above, as subtle differences in the crystal structures may
lead to three covalent bonds forming between Ru dimers in the Y, In and Lu systems, but
only two forming in the La case [1], shown in Figure 1.2(a) vs. (b). This difference would
produce a Stot = 1/2 and Stot = 3/2 electronic ground state for the Ru dimers in the Y,
In, Lu and the La systems respectively. The drastic difference in the properties of the La
system motivated us to investigate the MO effects in the Ba3LaRu2O9 system carefully in a
subsequent study, which will be presented next in this dissertation in Chapter 3.

1.3.2

Other 6H-perovskites

In the previous review, we have shown that metal-metal bonding occurs in Ba3 M Ru2 O9
(M = In, Lu, Y) [1] due to significant orbital hybridization, resulting in an Stot = 1/2
Heisenberg moment distributed equally over the two Ru sites. This cluster Mott insulating
behavior likely arises due to the large spatial extension of the Ru 4d orbitals plus the
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extremely short intra-dimer Ru-Ru distances (2.54-2.56 Å at room temperature). These
distances are even smaller than the values reported for both the nearest-neighbor distance
in the Ru metal and many other members of this 6H-perovskite family, as indicated in
Table 1.1. Intriguingly, Ba3 M Ru2 O9 (M = Ce, Pr, Tb) [31] with eight valence electrons
per Ru dimer unit have even shorter intra-dimer Ru-Ru distances, which likely leads to
cluster Mott insulator behavior also. The magnetic susceptibility of Ba3CeRu2O9 shows no
features of magnetic ordering down to 2 K [32, 31], in sharp contrast to the seven 4d -electron
dimer analogs Ba3 M Ru2 O9 (M = Y, In and Lu) discussed above. Darriet et al reported
the magnetic susceptibility and explained the magnetic behavior using a simple dimer model
with the Heisenberg Hamiltonian [32]:
H = −2JS 1 · S 2 .

(1.1)

However, the magnetic properties of Ba3CeRu2O9 do not obey the simple dimer model as
it was not able to describe the magnetic susceptibility [31]. It’s not surprising that the
simple dimer model with the Heisenberg Hamiltonian did not work in the Ba3CeRu2O9
system because MO effects are expected to be quite significant due to the extremely short
intradimer distance. To investigate this hypothesis, a detailed study of this system was
pursued and is presented in Chapter 4 of this dissertation.
Ba3CaRu2O9 is another example in Table 1.1 that is worth investigating. In this case,
we have 6 valence electrons per Ru dimer. With a nominal Ru valence state of 5+, as
compared to the compounds described above, the intradimer distance is significantly larger
at 2.65 Å [33]. Table 1.1 and Figure 1.3 together show the trend of Ru-Ru distance as a
function of nominal Ru valence state (or the number of valence electrons in Ru dimers). The
Ru-Ru distance in the Ca compound is the same as the nearest neighbor distance in Ru
metal, which could indicate that the orbital overlap between the neighbouring Ru ions could
be much smaller as compared to the other 6H-perovskites described in detail above. As a
consequence, we would expect a very different Ru dimer electronic state. In other words, it
is more likely that a local moment picture applies here. We can investigate this hypothesis
in more detail by performing detailed characterization studies on this system.
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Table 1.1: Nearest neighbor Ru-Ru distances in Ru metal and selected 6H-perovskite
ruthenate compounds at room temperature.
Intranumber of
dimer
Material
electrons
Ref.
distance
per dimer
(Å)
Ru metal
2.65
[5]
Ba3 NaRu2 O9
5
2.75
[2]
5
2.77
[2]
Ba3 LiRu2 O9
Ba3 CaRu2 O9
6
2.65
[33]
6
2.67
[34]
Ba3 ZnRu2 O9
Ba3 CoRu2 O9
6
2.68
[35]
Ba3 YRu2 O9
7
2.54
[29]
Ba3 InRu2 O9
7
2.56
[29]
7
2.55
[29]
Ba3 LuRu2 O9
Ba3 LaRu2 O9
7
2.55
[29]
8
2.65
[36]
Ba3 BiRu2 O9
Ba3 PrRu2 O9
8
2.49
[31]
8
2.49
[31]
Ba3 TbRu2 O9
Ba3 CeRu2 O9
8
2.48
[31]
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Figure 1.3: Intradimer Ru-Ru distance in Ba3 M Ru2 O9 plotted as a function of average
formal oxidation state of Ru, where M = Ce, Pr, Tb for Ru4+ - blue; M = Y, Gd, Yb, Sm,
Dy, Er, Nd, In, for Ru4.5+ - red; M = Co, Ni, Zn, Ca, for Ru5+ - green; M = Li, Na for
Ru5.5+ - black. Additionally, the three Ru-Ru interatomic distances of the low-temperature
structure of Ba3NaRu2O9 (orange) have been plotted to show the expected oxidation states
for the three ruthenium sites on the basis of their Ru-Ru distances. (Figure is taken from
Ref. [2].)
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The experimental investigations of the crystal structure and magnetic properties of
Ba3 CaRu2 O9 were first performed by Darriet et al. in 1976 and 1983. Like all its analogs,
Ba3 CaRu2 O9 adopts the 6H-perovskite structure with space group P 63 /mmc. The magnetic
susceptibility measurements show a broad peak near 300 K, without any sign of magnetic
ordering at temperatures down to 5 K [33]. The susceptibility could be well described by a
simple Heisenberg model of paramagnetic Ru-Ru dimers consisting of antiferromagnetically
coupled S = 3/2 ions [32], which gives a Stot = 0 nonmagnetic singlet dimer ground state.
In addition, the energy splittings should satisfy the Landé interval rule
E(S) − E(S − 1) = −2JS

(1.2)

where J < 0 for antiferromagnetic coupling. The first and second excited states of the dimer
are Stot = 1 state with energy -2J and Stot = 2 state with energy -6J respectively. The
third excitation with Stot = 3 and energy -12J is usually ignored due to its high energy and
negligible contribution to the susceptibility.
Although magnetic susceptibility studies could give us information about the exchange
coupling in this interacting dimer system, they provide only a global picture of the energy
levels. In contrast, inelastic neutron scattering could give direct information about exchange
interactions [33]. The INS measurements by Darriet et al. show evidence for a magnetic
excitation around 25 meV that was attributed to a Stot = 0 to Stot = 1 dimer excitation.
This excitation energy measured by INS agrees pretty well with the susceptibility fitting
results. Another neutron scattering investigation and similar susceptibility analysis is also
consistent with the formation of nonmagnetic dimers [37].
Therefore, Ba3CaRu2O9 is a good example in the 6H-perovskite family where the valence
electrons in the Ru dimers are localized, so it serves as a good comparison to the other
samples where the MO effects are more active.
We also found it interesting to explore MO effects in the 6H-perovskite family further
by extending our investigations to the 5d iridate Ba4LiIr3O12. In previous work [38], this
material is reported to exhibit a surprising magnetic transition for a nominal Ir5+ system,
as the general consensus is that the large SOC should generate a non-magnetic ground state

12

in this case. We thus performed a comprehensive study on this material and present the
results in Chapter 5. We conclusively show that Ba4LiIr3O12 exhibits magnetic order below
TN = 78 K and attribute this unexpected ground state to molecular orbital formation at the
Ir dimer level.
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Chapter 2
Methods
In order to systematically investigate molecular orbital (MO) effects in solids, we studied
the 6H-perovskite ruthenates with the general formula Ba3 M Ru2 O9 . We also extended our
study of MO effects to a 5d iridate Ba4LiIr3O12 that adopts the similar 6H-structure.
These compounds allow for a large variety of atoms on the M sites, which grants us
the freedom to have different nominal valences and hence different valence electron counts
on the Ru sites. We can then study the interplay between various degrees of freedom,
including spin, orbital, lattice and charge. Although many existing Ba3 M Ru2 O9 compounds
have magnetic rare-earth M sites [31, 29], in this project we have concentrated on materials
with non-magnetic M sites only. This simplification allowed us to characterize the intrinsic
properties of the dimer sites more easily.
We have studied the crystal structures, electronic ground states of the dimers, and
the collective magnetic properties of these systems. Powder X-Ray diffraction (XRD) and
neutron powder diffraction (NPD) were measured to establish the crystal structures of these
materials, with NPD being particularly important to help establish oxygen positions. Lowtemperature NPD below any magnetic ordering transitions was used to characterize the
magnetic structures. We also measured the magnetic susceptibility, resistivity, and specific
heat of these systems by using a Quantum Design Physical Property Measurement System,
a Magnetic Property Measurement System, and a Vibrating Sample Magnetometer. Finally,
inelastic neutron scattering measurements allowed us to probe the single dimer (i.e. d-d )
and collective magnetic excitations in these materials.
14

2.1

Solid State Reaction

All of the polycrystalline samples studied here were prepared by the standard solid state
reaction method using stoichiometric amounts of the starting materials BaCO3 , Li2CO3,
Ru (Ir) powder, pre-dried La2 O3 and CeO2 with purities no less than 99.9%. They were
mixed in agate mortars, compressed into pellets, and annealed using a high-temperature box
furnace with intermediate grindings and pelletings. The specific synthesis details for each
sample are slightly different in the temperature profiles and are described in the individual
chapters. Ba4LiIr3O12 is synthesized in oxygen gas flow. The highest temperature and time
of annealing could vary for different compounds [29, 31].

2.2

X-ray Diffraction

We use powder X-ray diffraction (XRD) to check the purity of the samples synthesized
in our lab. The XRD profiles for all samples are collected at room temperature using a
HUBER imaging-plate Guinier camera 670 with Ge monochromatized Cu Kα1 radiation (λ
= 1.54059 Å). The diffraction patterns cover from 2θ = 4 ◦ to 100 ◦ with the step size of
0.005 ◦ . The phase identification was carried out employing X’Pert HighScore Plus software.
The XRD patterns can be refined with the Rietveld refinement method using the FullProf
Suite [39].

2.2.1

Introduction

A diffraction pattern plots intensity against the angle of the detector, 2θ. Since most
materials have unique diffraction patterns, compounds can be identified by using a database
of diffraction patterns. The purity of a sample can also be determined from its diffraction
pattern, as well as the composition of any impurities present. A diffraction pattern can also
be used to determine and refine the lattice parameters of a crystal structure. A proposed
structural model can be refined using the well known Rietveld refinement method.
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Figure 2.1: Bragg diffraction. Two beams with identical wavelength and phase approach a
crystalline solid and are scattered off two different atoms within it. The lower beam traverses
an extra length of 2d sin θ. Constructive interference occurs when this length is equal to an
integer multiple of the wavelength of the radiation.

2.2.2

Bragg’s Law

X-ray beams are partially scattered by atoms when they strike the surface of a crystal. The
part of the X-ray beam that is not scattered passes through to the next layer of atoms,
where again part of the X-ray beam is scattered. This process continues in an iterative way
and generates an overall diffraction pattern, similar to how a grating diffracts a beam of
light. X-ray diffraction typically requires the spacing between atomic layers to be close to
the radiation wavelength.
If beams diffracted by two different layers are in phase, constructive interference occurs
and the diffraction pattern will show a peak, however, if they are out of phase, destructive
interference occurs and there is no peak. Diffraction peaks only occur if

sin(θ) =

16

nλ
,
2d

(2.1)

Figure 2.2: A schematic of a powder x-ray diffractometer.

where θ is the angle between the incident beam and the crystal surface, n is an integer, λ
is the wavelength, and d is the spacing between atomic layers. This is called Bragg’s law
and is presented schematically in Figure 2.1. Since a highly ordered structure is needed for
diffraction to occur, only crystalline solids will diffract; amorphous materials will not show
up in a diffraction pattern.

2.2.3

Powder X-ray Diffraction Instrumentation

A powder X-ray diffractometer consists of an X-ray source (usually an X-ray tube with Cu
targets), a sample stage, a detector and a way to vary angle θ. The X-ray beam is focused
on the sample at some angle θ, while the detector opposite the source reads the intensity of
the X-ray beam it receives at 2θ away from the source path, as shown in Figure 2.2. The
incident angle is then increased over time while the detector angle always remains 2θ above
the source path. Alternatively, the X-ray detector could be two dimensional, so it’s able to
collect the 2θ scan intensities simultaneously, which could be a lot faster.
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2.3

Magnetization and Susceptibility

The isothermal magnetization M (H) and dc susceptibility χ(T ) are measured with
a Quantum Design (QD) Vibrating Sample Magnetometer (VSM) and/or a Magnetic
Property Measurement System (MPMS) in the temperature intervals 2-350 K and 300-800 K,
respectively. We can also perform ac susceptibility measurements with different excitation
fields at various frequencies using a commercial Physical Property Measurement System
(PPMS, Quantum Design).

2.3.1

Magnetization

In classical electromagnetism, magnetization expresses the density of permanent or induced
magnetic dipole moments in a magnetic material. The origin of the magnetic moments
responsible for magnetization can be either microscopic electric currents resulting from the
motion of electrons in atoms, or the spin of the electrons or the nuclei. Net magnetization
results from the response of a material to an external magnetic field.
The magnetization field can be defined according to the following equation:
M=

dm
,
dV

(2.2)

where dm is the elementary magnetic moment and dV is the volume element. In other
words, the magnetization field is the distribution of magnetic moment density in the region
of interest.
Magnetization is one of the most important physical parameters characterizing a given
material. By measuring this property, one can elucidate details about the magnetic states
of a material. A superconducting quantum interference device (SQUID) is one of the most
sensitive instruments available for measuring this property in the lab with magnetic field
below 7 Tesla. Higher field magnetization measurements up to 65 T can be obtained at the
National High Magnetic Field Laboratory in the USA.
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Figure 2.3: SQUID detection diagram.

2.3.2

Superconducting Quantum Interference Device (SQUID)

A SQUID (superconducting quantum interference device) is a very sensitive magnetometer
used to measure extremely subtle magnetic fields, based on superconducting loops containing
Josephson junctions. The sensitivity of a Quantum Design SQUID VSM system is as accurate
as ∼ 10−8 emu.
In any SQUID based measuring instrument, the signal of interest is coupled to the SQUID
by a superconducting flux transformer composed of a pick-up loop and an input coil. Owing
to flux quantization in superconducting rings, any change in magnetic flux through the
pick-up loop due to the signal of interest results in a flow of screening current in the flux
transformer coupling magnetic flux through the SQUID loop and the SQUID responds by
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generating a proportional output voltage. In a conventional SQUID magnetometer, the
sample is repeatedly transported across a superconducting pick-up loop in the form of a
first or second order gradiometer and the SQUID output voltage is recorded as a function of
sample position in the form of a flux profile, and the magnetization of the sample is inferred
by fitting the measured flux profile to that expected for a point dipole. Since a full flux
profile has to be recorded at each value of T and H, measurements over an extended range
of T and H tend to take a long time. A conventional VSM measures the voltage induced in
a pick-up loop by Faraday’s law of induction as the sample is vibrated in its vicinity, making
the measurements relatively faster, although at a slightly poorer sensitivity compared to
that offered by a conventional SQUID magnetometer. In a SQUID VSM, the sample is fixed
at a point where the slope of the flux profile is maximum and is vibrated about this mean
position at a low frequency, while the SQUID output is recorded as a function of temperature.
Figure 2.3 illustrates the detection system in simplified fashion. The detection coils are
configured as a second order gradiometer to minimize signals from external disturbances.
Both the detection coil circuit and the SQUID input circuit have heaters that allow the
elimination of standing currents in the superconducting loops by raising them above their
critical temperature, and which are operated automatically by the SQUID control module.
Since the full flux profile does not have to be recorded, measurements over an extended
range of T and H can be completed in a relatively short period of time using a SQUID VSM,
compared to what is possible with a conventional SQUID magnetometer. SQUID VSM thus
combines (1) the high sensitivity of the SQUID with (2) the high speed of measurement of
a conventional VSM.
The SQUID-VSM system used in the present work can produce a maximum magnetic
field of 7 T. The measurement can be performed in the temperature range of 2 K - 350 K.

2.4

Resistivity

A resistivity measurement is a straightforward way to obtain valuable information about
the electrical properties of a sample. The variation of resistivity with temperature is an
important way to identify phase transitions in a material. Performing these measurements
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in the presence of a magnetic field can help elucidate how the magnetism and electrical
transport properties of a material are coupled.
Resistivity measurements can be performed with a Quantum Design Physical Property
Measurement System (PPMS) using a cold-pressed (CP) dense pellet of a sample. The CP
technique can successfully densify the sample and suppress grain boundary effects. In this
procedure, fine powders are reground and pressed into pellets. The pellets are then placed in
a 3-mm-diameter hole drilled in the center of a gasket made of a dense, strong cardboard and
loaded between two tungsten-carbide (WC) anvils. The gasket is subjected to an average
pressure of 10 kbar, but on the sample at the gasket center pressures might reach as high as
100 kbar as judged by viewing, after release of pressure, a shallow dent made at the surface
of the WC anvils. The surface of a thin cold-pressed sample has a metallic shine and is
harder than heat-treated carbon steel. These bars were annealed at high temperature in
order to let the grains grow.

Figure 2.4: Four probe contacts of current and voltage applied to the sample for resistivity
measurements.

In the present study, the standard four probe method was used for measuring resistivity
of a sample. In this method, the current is passed through the outer probes and the
corresponding voltage drop is measured across the inner two probes. The resistance can
be calculated using the Ohm’s law V = IR, where I is the current, V is the voltage,
and R is the resistance. Silver paste is typically used to make the electrical contacts on
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a sample. Due to low resistance, the thin gold/platinum wires are connected with silver
paint as shown in Figure 2.4 and the whole assembly is put onto a sample holder, where the
wires are connected with leads to the measurement instruments. Using dimensions shown in
Figure 2.4, the exact resistivity (ρ) of the sample can be calculated using the relation
ρ = R × A/l

(2.3)

where A is the cross section of the sample.

2.5

Specific Heat

Specific heat measurements are performed using a PPMS (Quantum Design) mentioned
above.

Temperatures as high as 350 K can be accessed with a heater, and a dilution

refrigerator can be used to cool the sample to temperatures as low as 50 mK.
The Quantum Design Heat Capacity option measures the heat capacity at constant
pressure:

Cp =

dQ
dT


.

(2.4)

p

As with other techniques for measuring heat capacity, the Quantum Design Heat Capacity
option controls the heat added to and removed from a sample while monitoring the resulting
change in temperature. During a measurement, a known amount of heat is applied at
constant power for a fixed time, and then this heating period is followed by a cooling period
of the same duration.
A platform heater and platform thermometer are attached to the bottom side of the
sample platform. (See Figure 2.5). Small wires provide the electrical connection to the
platform heater and platform thermometer and also provide the thermal connection and
structural support for the platform. The sample is mounted to the platform by using a thin
layer of grease, which provides the required thermal contact to the platform.
The PPMS Turbo Pump or Cryopump High-Vacuum option provides a sufficient vacuum
so that the thermal conductance between the sample platform and the thermal bath (puck)
is totally dominated by the conductance of the wires. This gives a reproducible heat link to
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Figure 2.5: Thermal connections to sample and sample platform in PPMS heat capacity
option.

the bath with a corresponding time constant large enough to allow both the platform and
sample to achieve sufficient thermal equilibrium during the measurement.
The system can also express sample heat capacity as an equivalent Debye temperature
in the event that the sample mass, formula weight, and atoms per formula unit have been
entered.
The Debye model successfully describes the heat capacity of phonons (lattice contribution). Phonons, electrons, and magnons all contribute to the heat capacity in solids.
The general expression for lattice heat capacity at a temperature T is given by
Z
Cv = 3rN k
0

∞



hv
2kT

2

2

csc h



hv
2kT


g(v)dv,

(2.5)

where r is the number of atoms per molecule, N is the number of molecules, and k is the
Boltzmann constant. The density of phonon modes in the frequency range from v to v +dv is
given by g(v)dv. In the Debye model, the mode density function g(v) is derived by assuming
that phonon propagation through the crystal lattice is governed by the same dispersion
relation as linear waves in a continuous isotropic solid. To account for the lattice spacing in
a real solid, Debye’s theory specifies a cutoff frequency, vD , above which the mode density
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function is zero. That is,
g(v) =

3v 2
for v ≤ vD
3
vD

(2.6)

g(v) = 0 for v > vD
Physically, vD corresponds to the smallest phonon wavelength that can propagate in a lattice
of atoms with a finite spacing. It is related to both the speed of sound and the elastic
properties of the solid. The Debye temperature is then defined as θ, where hvD = θk. Putting
g(v) into the above expression for heat capacity creates the following relation between Cv
and θ:
T3
Cv = 9rN k 3
θ

Z

θ/T

0

x4 ex dx
(ex − 1)2

(2.7)

This expression contains the two well-known limits of heat capacity for nonmetallic solids.
At high temperatures, Cv → 3rN k, whereas at sufficiently low temperatures,
12
Cv −→ rN kπ 4
5

 3
T
θ

(2.8)

which is the familiar T 3 law.

2.6

Neutron Scattering

Neutron powder diffraction (NPD) on the polycrystalline samples were performed on the
HB-2A powder diffractometer of the High Flux Isotope Reactor (HFIR) at Oak Ridge
National Laboratory (ORNL). The samples were loaded in aluminum or vanadium cans and
the data were collected at various temperatures with neutron wavelengths of 1.54 Å or
2.41 Å. Inelastic neutron scattering (INS) measurements were performed on the directgeometry time-of-flight chopper spectrometer SEQUOIA of the Spallation Neutron Source
(SNS) at ORNL, using the same polycrystalline samples loaded in an aluminum can. Spectra
were collected at 4K, 300 K and some intermediate temperatures with appropriate incident
energies Ei varying from 25 meV to 300 meV. An empty aluminum can was measured in
identical experimental conditions for a similar counting time. The resulting background
spectra were subtracted from the corresponding sample spectra after normalization with a
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vanadium standard to account for variations of the detector response and the solid angle
coverage.

2.6.1

Introduction to Neutron Scattering

Neutron scattering is a powerful tool to study the nuclear and magnetic structures, lattice
dynamics, and spin excitations of condensed matter systems. The basic properties of the
neutron are listed in Table 2.1.

Table 2.1: Basic properties of the neutron and values of relevant physical constants.
Basic properties of neutron
mass
m = 1.675 × 10−27 kg
charge
0
1
spin
2
magnetic dipole moment
µn = −1.913µN
Values of physical constants
elementary charge
mass of electron
mass of proton
Planck constant
Boltzmann constant
Avogadro constant
Bohr magneton
nuclear magneton

e = 1.602 × 10−19 C
me = 9.109 × 10−31 kg
mp = 1.673 × 10−27 kg
h = 6.626 × 10−34 J
kB = 1.381 × 10−23 J
NA = 6.022 × 1023 mol−1
µB = 9.274 × 10−24 JT−1
µN = 5.051 × 10−27 JT−1

The value of the neutron mass results in a de Broglie wavelength over a wide neutron
energy range on the order of the interatomic distances in solids and liquids. Thus, neutrons
are an excellent diffraction probe and can reveal structural information of the scattering
system. Secondly, a neutron has zero charge and no coulomb interaction with atoms in
the solid. This allows the neutron to penetrate deeply into the materials to study the bulk
properties. In addition, a neutron has spin-1/2 with a magnetic dipole moment of 1.913 µn ,
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making it an ideal probe to detect magnetic moments, which cannot be done with lab Xray techniques. Furthermore, neutrons can be produced with energies on the same order as
elementary excitations in solids, which means that inelastic neutron scattering is an excellent
probe of the dynamics in these materials.

Figure 2.6: Geometry for scattering experiment.

In neutron scattering experiment, the sample is placed in the neutron beam and the
scattered neutron intensity as a function of scattering angle and neutron energy is detected.
The geometry of the scattering experiment is shown in Figure 2.6. The sample is usually a
collection of atoms. The effective scattering area of each atom to an incident neutron can be
expressed as a cross-section. The partial differential cross-section is defined by the equation
d2 σ/dΩdE 0 =(number of neutrons scattered per second into a small solid angle dΩ in the
direction θ, φ with final energy between E 0 and E 0 + dE 0 )/ΦdΩdE 0 ,
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where Φ is the flux of the incident neutrons. All diffraction and scattering experiments are
ruled by the laws of momentum and energy conservation:
Q = kf − ki

(momentum conservation)

|Q| = ki2 + kf2 − 2ki kf cos θS
~ω = Ei − Ef

(energy conservation).

(2.9)
(2.10)
(2.11)

In these equations, the wave-vector magnitude k = 2π/λ, where λ is the neutron wavelength,
and the momentum transferred to the crystal is ~Q. The subscripts i and f refer to the
incident and scattered neutron beams, respectively. The angle between the incident and
scattered beams is 2θS and the energy transferred to the sample is ~ω. In the scattering
process, a neutron acts as a very weak perturbation of the scattering system, so that the
differential scattering cross section can be obtained from Fermi’s Golden Rule
d2 σ
dΩf dEf

=
λi →λf

kf  mn 2
|hkf λf |V |ki λi i|2 δ (~ω + Ei − Ef )
ki 2π~2

(2.12)

where the λi and λf are quantum numbers for the initial state and final state of the
sample, respectively; V is the interaction operator for the neutron with sample. Because
the effective interaction is weak, one can evaluate the interaction matrix element using the
Born approximation, treating both the incident and outgoing neutrons as plane waves:
hkf λf |V |ki λi i = V (Q) hλf |

X

eiQ·rl |λi i

(2.13)

l

where rl are the coordinates of the scattering centers (assumed here to be identical), and
Z
V (Q) =

drV (r)eiQ·r .
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(2.14)

2.6.2

Nuclear Scattering

For nuclear scattering, the nuclear potential is essentially a delta function in r, so V (Q) can
be simplified as
2π~2
b
mn

V (Q) =

(2.15)

where b is the nuclear scattering length.
Using a couple of standard tricks, Van Hove (1954) showed that
d2 σ
kf
= N b2 S(Q, ω)
dΩf dEf
ki

(2.16)

Z
1 X ∞
dt e−iQ·rl0 (0) eiQ·rl (t) e−iωt
S(Q, ω) =
2π~N ll0 −∞

(2.17)

where

It contains information on both the positions and motions of the atoms comprising the
sample. The goal of most neutron scattering experiments is to measure S(Q, ω) and thereby
determine the microscopic properties of the system under investigation.
For coherent, elastic nuclear scattering, we consider the time average of the density
operator, so that
1
S(Q, ω) = δ(~ω)
N

*
X

+
eiQ·(rl −rl0 )

.

(2.18)

(2π)3 X
δ(Q − G),
v0 G

(2.19)

ll0

In the case of a Bravais lattice, this becomes
S(Q, ω) = δ(~ω)

where v0 is the unit-cell volume and the vectors G are reciprocal-lattice vectors.
In practice, the fluctuations of the atoms about their equilibrium positions cause some
reduction of the Bragg intensities. Let u be the instantaneous displacement of an atom from
its equilibrium position r and introduce the Debye–Waller factor e−2W (Q) where
W =

1
(Q · u)2
2
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(2.20)

Suppose there is more than one atom per unit cell. If the j th atom within the unit cell sits
at position dj , then the coherent elastic differential cross section generalizes to
dσ
dΩ

el

(2π)3 X
δ(Q − G) |FN (G)|2
v0 G

=N
coh

(2.21)

where the structure factor
FN (G) =

X

b̄j eiG·dj e−Wj .

(2.22)

j

2.6.3

Magnetic Scattering

The neutron has a magnetic dipole moment equal to −γµN σ, where γ (= 1.913) is the
gyromagnetic ratio, µN is the nuclear magneton, and σ is the spin operator. The neutron
can scatter from the magnetic moment of an atom via the dipole–dipole interaction.
The cross section for magnetic scattering was first derived by Halpern and Johnson in
1939. For unpolarized neutrons scattering from a system containing a single species of
magnetic atom, the differential cross section for atomic magnetic scattering can be written

N kf 2 −2W X 
d2 σ
=
pe
δα,β − Q̂α Q̂β S αβ (Q, ω)
dΩf dEf
~ ki
α,β

(2.23)

with
1
S (Q, ω) =
2π
αβ

Z

∞

dte−iωt

−∞

X

D
E
eiQ·rl S0α (0)Slβ (t) .

(2.24)

l

It is clear then that a neutron scattering experiment measures the Fourier transform of the
pair correlation function in space and time. In other words, the neutron may be considered as
a magnetic probe which establishes the momentum- and energy-dependent magnetic field and
detects the response in the scattering sample. We can thereby relate the magnetic scattering

function to a generalized dynamic susceptibility χαβ (Q, ω) by the fluctuation-dissipation
theorem:
N~
S (Q, ω) =
π
αβ



−1
~ω
1 − exp −
Im χαβ (Q, ω).
kB T
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(2.25)

2.6.4

Neutron Scattering Instruments and Experiments

Neutron scattering experiments can be performed on a wide variety of instruments including
a triple axis spectrometer, powder diffractometer, time-of-flight backscattering spectrometer,
or a chopper spectrometer. The neutron scattering experiments presented in this thesis used
most of these instruments, but placed particular emphasis on powder diffraction and timeof-flight chopper spectroscopy. Therefore, these two techniques will be discussed in more
detail below.
Neutron diffraction or elastic neutron scattering is the application of neutron scattering
to the determination of the atomic and/or magnetic structure of a material. The technique is
similar to XRD, but with the additional ability to reveal the microscopic magnetic structure
of a material. In order to probe the magnetic ground state, we carried out neutron powder
diffraction measurements using the HB-2A high-resolution powder diffractometer at the High
Flux Isotope Reactor at Oak Ridge National Laboratory.
The Neutron Powder Diffractometer is a versatile instrument, able to examine a variety
of materials. With low angular coverage and a clean background, HB-2A is particularly wellsuited to studying polycrystalline samples of new, complex, magnetically ordered systems.
The use and development of extreme sample environments for varying temperature, magnetic
field, and pressure allow access to a wide region of phase space for investigating novel
phenomena in new materials. Powder diffraction data collected on this instrument are ideally
suited for Rietveld refinements.
Another popular neutron scattering instrument is the time-of-flight chopper spectrometer.
The neutrons provided to this type of instrument are generally produced by spallation,
which involves bombarding a heavy metal target with pulses of high energy protons. This
time structure ensures that the neutron beam is also pulsed. The incident neutron energy
is selected for the instrument by using a Fermi chopper, and the final neutron energy is
determined by measuring time-of-flight to position sensitive detectors. These same detectors
also ensure that the momentum transfer for each neutron can be accurately determined.
In this dissertation, inelastic neutron scattering measurements on the time-of-flight
chopper spectrometer SEQUOIA at ORNL’s Spallation Neutron Source were performed to
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probe the molecular (i.e. d-d ) excitations and low-energy collective spin excitations in the
6H-perovskite ruthenates. We did not perform an inelastic neutron scattering experiment
on the 6H-perovskite iridate compound due to the high neutron absorption cross-section of
Ir.

2.7

Other Techniques

There are several other experimental techniques used in this dissertation in a collaborative
way, where others led and performed the experiments. For the infrared (IR) spectroscopy [40]
and Raman spectroscopy [41], we collaborated with Jan Musfeldt’s group at UTK. For muon
spin rotation (µSR) [42] studies, we collaborated with Jeff Quilliam’s group at Université de
Sherbrooke in Canada. For X-ray absorption spectroscopy (XAS) [43] and resonant inelastic
X-ray scattering (RIXS) [44], we collaborated with Pat Clancy at the University of Toronto
and Jian Liu’s group at UTK.
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Chapter 3
Realization of the Orbital-Selective
Mott State in Ba3LaRu2O9
Molecular magnets based on heavy transition metals have recently attracted significant
interest in the quest for novel magnetic properties. For systems with an odd number of
valence electrons per molecule, high or low molecular spin states are typically expected in
the double exchange or quasi-molecular orbital limits respectively. In this work, we use bulk
characterization, muon spin relaxation, neutron diffraction, and inelastic neutron scattering
to identify a rare intermediate spin-3/2 per dimer state that cannot be understood in a
double exchange or quasi-molecular orbital picture and instead arises from orbital-selective
Mott insulating behavior at the molecular level. Our measurements are also indicative of
collinear stripe magnetic order below TN = 25 K for these molecular spin-3/2 degrees-offreedom, which is consistent with expectations for an ideal triangular lattice with significant
next nearest neighbor in-plane exchange. Finally, we present neutron diffraction and Raman
spectroscopy data under applied pressure that reveal low-lying structrual and spin state
transitions at modest pressures P ≤ 1 GPa, which highlights the delicate balance between
competing energy scales in this system.
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3.1

Introduction and Motivation

The interplay between charge, spin, lattice and orbital degrees of freedom leads to a
tremendous variety of exotic phenomena in strongly-correlated electron systems.

One

particularly famous example is the metal-Mott insulator transition, where a Coulomb
repulsion U that is strong relative to orbital hopping t leads to a significant modification of
the band structure and promotes complete electron localization and hence local moment
physics.

More recently, the intriguing concept of an orbital-selective Mott phase was

proposed in order to explain the coexistence of itinerant and localized electron character
in the ruthenate system Sr2-x Cax RuO4 [45]. This state can be achieved in multi-orbital
systems with disparate orbital hoppings, leading to a situation where some valence electrons
are localized while others are itinerant. Although the realization of the orbital-selective
Mott phase is still under debate for Sr2-x Cax RuO4 [46, 47, 48, 49, 50], this state has been
the subject of several theoretical investigations [51, 52, 53, 54, 55, 56, 57] and has been
discussed in the context of iron-based superconductivity [58, 59], high-Tc cuprates [60], the
metal-insulator transition in V2 O3 [61], and the magnetic properties of double perovskites
[62] and BaFe2 Se3 [63, 64].
Orbital-selective Mott physics may also play an important role in heavy transition metal
(i.e. 4d and 5d) molecular magnets [3, 5]. The large spatial extent of the d orbitals and
the reduction of Hund’s coupling JH generates competing energy scales that can invalidate
the local moment/double exchange picture generally expected in their 3d transition metal
counterparts and therefore have significant consequences on their electronic ground states
and magnetic properties. For a system with two types of orbitals (c and d), three regimes
are possible depending on the relative strengths of tc , td , JH , and U : (i) the quasimolecular orbital limit (tc , td >> JH , U ), (ii) the local moment / double exchange limit
(tc , td << JH , U ), and (iii) the orbital-selective limit (tc >> JH , U , td → 0) [65]. An
accurate determination of the electronic ground state for these molecular magnets is the first
step towards developing a detailed understanding of their collective magnetic properties,
which may be quite interesting if the molecules are strongly-interacting.
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Heavy transition metal molecular magnets with an odd number of electrons per dimer
are an excellent playground for identifying systems and establishing trends where the double
exchange picture breaks down at the molecular level. The competition between Hund’s
coupling and orbital hopping is particularly striking in this case, as the electronic ground
state evolves from high to low spin with increasing orbital hopping [3]. In principle, for
particular electron configurations an intermediate spin ground state can also be realized in
the orbital-selective limit but experimental examples are lacking. This class of materials
may therefore enable detailed investigations of low-lying spin state transitions, which are
not common in magnetic materials based on single ion building blocks. Furthermore, in the
quasi-molecular orbital limit they can also generate new S = 1/2 quantum magnets with
ideal frustrated lattice geometries that are less susceptible to Jahn-Teller distortions [1] and
in some cases are under active consideration as quantum spin liquid candidates [10, 11, 66].
The 6H-perovskites, with the general chemical formula Ba3 MR 2 O9 , consist of transition
metal dimers decorating a triangular lattice as illustrated in Fig. 3.1 and they have already
been shown to host a variety of interesting electronic ground states at the molecular
level.

For example, Ba3 NaRu2 O9 exhibits interdimer charge order below 210 K [20],

Ba3 (In,Lu,Y)Ru2 O9 are quantum magnets with the Stot = 1/2 degree of freedom delocalized
over the Ru dimers [1], and Ba3 CeRu2 O9 has a non-magnetic ground state that arises
from quasi-molecular orbital formation combined with a large zero field splitting [67]. The
rich molecular behavior in this family likely arises from the ability of this structure to
accommodate heavy transition metal dimers based on face-sharing octahedra, which feature
metal-metal distances shorter than the nearest neighbor distance in elemental Ru [67] in
some cases. In fact, quasi-molecular orbital formation has been argued to give rise to the
quantum magnetism in Ba3 (In,Lu,Y)Ru2 O9 [1] rather than the large spin state of Stot = 5/2
per dimer that would be realized by a double exchange mechanism [68].
Interestingly, despite the same valence electron count of seven per Ru dimer, the magnetic
properties of the isostructural system Ba3 LaRu2 O9 have been shown to be drastically
different. The effective and ordered moments per dimer, extracted via magnetic susceptibility
[29] and neutron diffraction [30] measurements respectively, are much larger and cannot
be explained by an Stot = 1/2 electronic ground state for the dimers. No satisfactory
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explanation for this different behavior has been proposed to-date and the true electronic
ground state of the Ru dimers in Ba3 LaRu2 O9 has remained an open question. In this
work, we combine magnetometry, heat capacity, muon spin relaxation, neutron diffraction,
and inelastic neutron scattering to identify an Stot = 3/2 electronic ground state for the
dimers that we argue arises from an orbital-selective mechanism at the molecular level.
We also establish an ordering temperature of TN = 25 K for the stripe spin configuration
that is expected for a triangular lattice with a significant next-nearest neighbor interaction.
Finally, we use neutron diffraction and Raman spectroscopy under applied pressure to show
that moderate pressures of P ≤ 1 GPa generate both structural and spin state transitions
in Ba3 LaRu2 O9 .

3.2

Experimental Details

Polycrystalline samples of Ba3LaRu2O9 were synthesized by a solid-state reaction using a
stoichiometric amount of the starting materials BaCO3, Ru, and La2O3 (fine powder predried

°

at 950 C overnight) with purities of 99.9% or higher. The starting materials were mixed in

°

agate mortars, pressed into pellets, annealed in air at 900 C for 12 hours, and then annealed

°

at 1200 C for 20 hours with intermediate grinding and pelletizing.
The room temperature X-ray powder diffraction (XRD) patterns were collected using
a HUBER Image Plate Guinier Camera 670 with Ge monochromatized Cu Kα1 radiation
(λ ≈ 1.54 Å) to check the quality of the powder samples. No obvious impurity peaks were
observed.
The dc magnetic susceptibility and magnetization measurements were performed in the
temperature range of 2-320 K using a Quantum Design superconducting interference device
(SQUID) magnetometer. The high-temperature magnetic susceptibility was measured with
a Quantum Design Magnetic Property Measurement System (MPMS) in the temperature
range of 300-800 K. The specific heat measurements were performed using the relaxation
method with a commercial Physical Property Measurement System (PPMS) from Quantum
Design.
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Figure 3.1: (a) A crystallographic unit cell of Ba3LaRu2O9, with the oxygen atoms excluded
for clarity. The blue arrows represent the magnetic structure determined by neutron powder
diffraction. (b) A schematic of the Ru dimers in Ba3LaRu2O9. (c) A view along the c-axis
of the triangular lattice formed by the Ru dimers in the cystallographic ab-plane. (d) A
close-up view of one Ru dimer in Ba3LaRu2O9, which illustrates the face-sharing nature of
the octahedra and the positions of the two crystallographically-inequivalent oxygen ions.
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Neutron powder diffraction (NPD) was performed on ∼ 6.5 g of polycrystalline
Ba3LaRu2O9 using the HB-2A powder diffractometer of the High Flux Isotope Reactor
(HFIR) at Oak Ridge National Laboratory (ORNL) [69]. The sample was loaded in a
cylindrical vanadium can, and the data were collected at different temperatures ranging
from 1.5 K to 300 K with neutron wavelengths of 1.54 Å and 2.41 Å and a collimation of
open-210 -120 . The ambient pressure HB-2A data was refined using the FullProf software
suite [39] and the magnetic structure symmetry analysis was performed using SARAh [70].
Further NPD studies were also carried out on HB-2A with ∼ 4.5 g of polycrystalline
Ba3LaRu2O9 and a Fluorinert pressure medium loaded in a Cu-Be clamp cell capable of
applying hydrostatic pressures up to 1 GPa. Elastic neutron scattering measurements,
complementary to the ambient pressure NPD experiment described above, were performed
on the 14.6 meV fixed-incident-energy triple-axis spectrometer HB-1A of the HFIR at ORNL
using the same polycrystalline sample of Ba3LaRu2O9 measured in ambient pressure at HB2A over a temperature range 1.5 K to 40 K. For this experiment, the sample was loaded
in a cylindrical Al can to minimize incoherent nuclear scattering that could prevent the
detection of weak magnetic Bragg peaks not observed in the initial HB-2A experiment.
The overall background was minimized by using a double-bounce monochromator system,
mounting two-highly oriented pyrolytic graphite (PG) filters in the incident beam to remove
higher-order wavelength contamination, and placing a PG analyzer crystal before the single
He-3 detector for energy discrimination. A collimation of 400 -400 -400 -800 resulted in an energy
resolution at the elastic line just over 1 meV (FWHM). The elastic scattering was measured
in a temperature range of 1.5 to 40 K.
Inelastic neutron-scattering (INS) measurements were performed on the direct-geometry
time-of-flight chopper spectrometer SEQUOIA [71] of the Spallation Neutron Source (SNS)
at ORNL, using the same Ba3LaRu2O9 polycrystalline measured in the ambient pressure HB2A experiment. The sample was loaded in a cylindrical Al can and spectra were collected
with incident energies Ei = 25 and 100 meV at temperatures of 4 K (both incident energies),
30 K (25 meV only), and 300 K (100 meV only). An empty aluminum can was measured
in identical experimental conditions for a similar counting time. The resulting background
spectra were subtracted from the corresponding sample spectra after normalization with a
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vanadium standard to account for variations of the detector response and the solid angle
coverage.
Muon spin relaxation (µSR) measurements were performed on the M20 surface muon
beamline at TRIUMF. A low-background “veto” set-up was employed with the sample
mounted inside a mylar packet placed in the path of the muon beam within a helium flow
cryostat. Measurements were performed in zero field, longitudinal field and weak transverse
field geometries over a temperature range of 1.5 to 60 K. A good review of the µSR technique
can be found in Ref. [72].
Raman scattering spectroscopy was performed under compression between 0 to 10 GPa
using diamond anvil cell techniques. Polycrystalline material was loaded into a symmetric
diamond anvil cell along with an annealed ruby ball, and KBr was used as the pressure
medium for the measurement. This assured a quasi-hydrostatic environment for the sample.
Fluorescence from the ruby ball was used to determine pressure [73]. These experiments
were carried out using the COMPRES beamline facility at the National Synchrotron Light
Source II at Brookhaven National Laboratory. We employed λexcit = 532 nm; ≈1 mW power;
30 sec integration, averaged three times. All data were collected at room temperature.

3.3

Results and Discussion

Figure 3.2(a) shows the dc magnetic susceptibility χ (plotted as M/H) vs temperature for
Ba3LaRu2O9 measured from 2 to 800 K in an applied magnetic field of 1 kOe under both
zero-field cooled (ZFC) and field-cooled (FC) conditions. The low-temperature data below
25 K is indicative of magnetic order and will be discussed more in the next section. The
Curie-Weiss fit of the high-temperature inverse susceptibility data (above 250 K) is shown
in Fig. 3.2(b). This fit results in a Curie-Weiss temperature θCW = −44 K and an effective
moment µeff = 3.74 µB /FU (Ba3LaRu2O9 formula unit), which is close to the expected value
of 3.87 µB /dimer for a molecular spin-3/2 state. The χT versus T plot shown in Fig. 3.2(c)
reaches a saturation value of ∼ 1.65 that is slightly below χT = 1.875 for spin-3/2, which
could be due to the thermal population of spin-1/2 excited states in the high-temperature
region (up to 800 K). This suggests that the Ru-dimers in Ba3LaRu2O9 adopt an unusual
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Figure 3.2: (a) Magnetic susceptibility vs temperature for Ba3LaRu2O9 measured in an
applied magnetic field of 1 kOe under both zero-field-cooled and field-cooled conditions
between 2 and 800 K. (b) Inverse susceptibility vs temperature with the Curie-Weiss fit
indicated by the solid red line. (c) The temperature dependence of χT reaches a saturation
value of ∼1.65, which is close to the expected value of χT = 1.875 indicated by the dashed
line for S = 3/2 and g = 2.

spin-3/2 ground state, in sharp contrast to the isostructural analogs Ba3 (Y,In,Lu)Ru2 O9
that are known to host spin-1/2 dimer ground states [1].
To obtain additional evidence for the exotic intermediate spin state of the Ru dimers in
Ba3LaRu2O9, INS measurements were performed on the SEQUOIA spectrometer with an
incident energy Ei = 100 meV. Figure 3.3(a) and (b) show the color contour plots of the
dynamical structure factor S(Q, ω) multiplied by the magnetic form factor squared f (Q)2
at room temperature (300 K) and base temperature (4 K), respectively. The spectra are
dominated by the phonon modes in the high momentum transfer (Q) regions, which makes
it challenging to identify any weak magnetic modes. For this reason, constant-Q cuts of
f (Q)2 S(Q, ω) for both the 4 K and 300 K data sets are plotted in Fig. 3.3(c) with a Q
integration range of 1 to 2 Å−1 . We can now clearly observe two peaks centered at E ≈ 22
and 35 meV, indicated by gray arrows, corresponding to magnetic excitation candidates. The
Q-dependence of these two peaks is shown with constant energy cuts plotted in Fig. 3.3(d)
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and (e) respectively. The intensity of both peaks decreases with increasing Q in the lowQ (< 2Å−1 ) region and therefore they have a magnetic origin. The persistence of these
two modes up to 300 K suggests that they correspond to d-d excitations and not collective
magnetic excitations (i.e. spin waves). On the other hand, we identified a third magnetic
mode just above the elastic line that is dispersive in nature with the expected temperaturedependence for a spin wave origin. This mode is most clearly observed in lower Ei = 25 meV
data and will be discussed in more detail later.

Figure 3.3: (a), (b) Color contour plots of the dynamical structure factor S(Q, ω) multiplied
by the magnetic form factor squared f (Q)2 at T = 300 K and 4 K, respectively, for the
incident energy Ei = 100 meV SEQUOIA data sets. (c) Constant-Q cuts of f (Q)2 S(Q, ω)
at low Q (integration range from 1 to 2 Å−1 ) with T = 4 and 300 K for Ei = 100 meV.
The gray arrows indicate two candidate magnetic excitations and the horizontal black lines
represent instrumental energy resolution at these peak positions. (d), (e) Constant-E cuts of
f (Q)2 S(Q, ω) corresponding to the two peaks in panel (c) show that their intensity increases
with decreasing Q and therefore they have a magnetic origin. For simplicity, f (Q)2 is not
included in the labels of the figure panels.
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Table 3.1: Lattice constants and selected structural parameters for Ba3 (Y,Lu,In)Ru2 O9 [1]
and Ba3LaRu2O9 extracted from refinements of the NPD data measured at 1.5 K and 3.5 K
with neutron wavelength λ = 1.54 Å.
B’ In (3.5 K) Y (3.5 K) Lu (1.5 K) La (1.5 K)
a(Å) 5.7947(1) 5.8565(1) 5.8436(1) 5.95103(14)
c(Å) 14.2738(2) 14.4589(1) 14.3978(2) 15.0087(4)
Ba2 -z 0.9116(2) 0.9075(1) 0.9084(2) 0.8910(2)
Ru-z 0.1611(1) 0.1632(1) 0.1620(1) 0.16458(16)
O1 -x 0.4874(5) 0.4879(4) 0.4887(5) 0.4866(5)
O2 -x 0.1712(4) 0.1758(2) 0.1741(3) 0.1787(4)
O2 -z 0.4150(1) 0.4124(1) 0.4138(1) 0.40457(8)
Rwp (%) 8.82
6.27
6.18
5.83
Ru-Ru(Å) 2.538(3)
2.511(2)
2.533(3)
2.564(3)
Ru-O1 (Å) 2.001(3)
2.009(2)
2.019(2)
2.034(3)
Ru-O2 (Å) 1.956(2)
1.936(1)
1.947(2)
1.902(3)
◦
Ru-O1 -Ru( ) 78.8(1)
77.4(1)
77.7(1)
78.16(15)

Our previous magnetic susceptibility and INS work on Ba3 (Y,In,Lu)Ru2 O9 [1] revealed
a single d-d excitation in all three cases with an energy transfer ranging between 31.5 and
34 meV, which we identified as a molecular transition from the Stot = 1/2 ground state to
the Stot = 3/2 excited state within a quasi-molecular orbital picture. This interpretation is
consistent with the neutron scattering selection rule ∆S = 0,±1 [74]. Although these excited
modes were not resolution-limited, the broadening may arise from a finite amount of zero
field splitting. The current INS data on Ba3 LaRu2 O9 provides an interesting contrast, as
two d-d excitations are observed in a similar energy regime. This observation is consistent
with an Stot = 3/2 electronic ground state for the Ru dimers if these two modes represent
transitions to the Stot = 1/2 and Stot = 5/2 manifolds respectively, as these excitations are
both allowed by selection rules. We assign the lower and upper modes to the Stot = 1/2
and 5/2 transitions, respectively, as the former is nearly resolution-limited while the latter
exhibits increased broadening expected to arise from significant zero field splitting of an
Stot = 5/2 state. We also note that this assignment is consistent with the high-temperature
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magnetic susceptibility data described above and the previous determination that the nearly
isostructural systems Ba3 (Y,In,Lu)Ru2 O9 host Stot =1/2 electronic ground states.

Figure 3.4: Schematics of the electronic ground states for Ru dimers with seven electrons
based on face-sharing octahedra in the (a) double exchange (DE) limit, (b) orbital-selective
(OS) limit, and (c) molecular orbital (MO) regime. The inset of panel (b) shows the a1g
orbitals for each Ru dimer. The large direct overlap of the a1g orbitals, combined with the
significantly reduced orbital overlap for the eπg manifold, generates an orbital-selective state
in Ba3LaRu2O9.

The orbital diagram for Ba3 (Y,In,Lu)Ru2 O9 , with seven valence electrons per Ru dimer,
has been discussed previously and consists of a lower-energy a1g bonding level and a higherenergy eπg bonding level [1] that are made up of linear combinations of the atomic d-orbitals
[75]. In these cases, the extremely short Ru-Ru distances arising from the face-sharing
octahedral geometry of the Ru dimers and the spatially-extended 4d orbitals lead to the
low-spin (i.e. Stot = 1/2) molecular orbital diagram illustrated in Fig. 3.4(c) rather than
the high-spin (i.e. Stot = 5/2) double exchange scenario typically expected for molecular
magnets based on 3d transition metals. To gain some insight into why the Ru dimers realize
a different electronic ground state in Ba3LaRu2O9, we revisited the low-temperature crystal
structure of this system using the HB-2A powder diffractometer with a neutron wavelength
of 1.54 Å. Our new refinement results for Ba3LaRu2O9 are presented in Table 1 and compared
to our previous work on Ba3 (Y,In,Lu)Ru2 O9 [1]. While we find broad agreement with earlier
diffraction work [29, 30], we note that our low-temperature Ru-Ru and Ru-O1 distances are
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slightly larger for Ba3LaRu2O9 compared to Ba3 (Y,In,Lu)Ru2 O9 . Since the a1g orbitals are
aligned and overlap directly, as shown in the inset of Fig. 3.4(b), the a1g orbital hopping tc
is most effectively tuned with the Ru-Ru distance. The situation is quite different for the eπg
orbitals, where the reduced direct overlap ensures that both the Ru-Ru and Ru-O1 distances
can play an important role in establishing a smaller eπg orbital hopping td . It appears that
the seemingly subtle differences in the Ru-Ru and Ru-O1 distances in Ba3LaRu2O9 and
Ba3 (Y,In,Lu)Ru2 O9 are still large enough to effectively tune td and generate a spin state
transition in this family of materials. This scenario provides a natural explanation for the
intermediate spin state of the Ru dimers in Ba3LaRu2O9, as it can arise from the orbital
diagram presented in Fig. 3.4(b). Due to the large tc > JH and the comparatively smaller td ,
only the a1g manifold participates in molecular bonding. Presumably, the other five electrons
engage in a double exchange process to generate the Stot = 3/2 spin degree of freedom.
With the electronic ground state of the Ru dimers in Ba3LaRu2O9 now firmly established
as Stot = 3/2 due to orbital-selective behavior, we now examine the collective static magnetic
properties of this molecular magnet. There are two previous reports on this topic [29, 30],
but several open questions remain. The initial x-ray diffraction and bulk characterization
study reveals two possible magnetic transitions in the specific heat at Tc1 = 6 K and Tc2 = 22
K, while the magnetic susceptibility shows a clear peak at Tc1 and a very subtle bump at Tc2 .
Follow-up neutron powder diffraction work using the WISH spectrometer at ISIS revealed
magnetic Bragg peaks for T < 10 K, but no precise magnetic transition temperature was
reported so the origin of Tc1 and Tc2 remains unknown. Furthermore, the magnetic Bragg
peaks observed in the NPD data were modeled within a local moment picture with intradimer
ferromagnetic exchange that was noted to be unusual and the magnetic structure could only
be explained by a model consisting of two irreducible representations with a confounding
moment direction.
We performed a series of measurements to explore these issues. First, we present dc
magnetic susceptibility data up to 40 K on our Ba3LaRu2O9 polycrystalline samples in
Fig. 3.5(a). We find a zero-field-cooled (ZFC) / field-cooled (FC) divergence that onsets
below Tc2 = 25 K and a broad peak at Tc1 = 6 K in both the ZFC and FC data. These
findings are in broad agreement with previous work [29], although our Tc2 value is slightly
43

Figure 3.5:
(a) The low-temperature magnetic susceptibility of Ba3LaRu2O9 shows
a zero-fielded-cooled / field-cooled divergence below Tc2 = 25 K. (b) The isothermal
magnetization measured at 2 K shows a linear field dependence, which is consistent with
an antiferromagnetic ground state. (c) The temperature-dependence of the specific heat Cp
shows a clear transition at Tc2 = 25 K. The blue line is our best fit to the lattice contribution
using a Thirring model. We attribute the additional contribution to the magnetic Cp to a
Schottky anomaly arising from a small zero field splitting of the Stot = 3/2 state. The inset
depicts the low-temperature Cp on a log-log scale to highlight the T 2 dependence in this
regime. (d) The magnetic entropy of Ba3LaRu2O9, plotted as a function of temperature,
approaches the expected value of 11.5 J/mol-K for a Stot = 3/2 state when warming above
the magnetic ordering temperature and the Schottky anomaly.

higher. We also plot the magnetization as a function of field at 2 K in Fig. 3.5(b) and we find
a linear response which is indicative of a collinear antiferromagnetic ground state. Next, we
show heat capacity data over a much wider temperature range than published previously [29]
in Fig. 3.5(c). Interestingly, this data shows a clear anomaly at Tc2 = 25 K and a Schottky
anomaly centered around 50 K, but no obvious feature around Tc1 . We also note that the
lowest temperature data measured between 300 mK and 10 K exhibits a T 2 -dependence as
shown in the Fig. 3.5(c) inset. This T -dependence can arise from different origins, including
a spin wave contribution from a gapless quasi-two-dimensional antiferromagnet, and will be
discussed in more detail later. The magnetic entropy was extracted from the Cp data after
subtracting the lattice contribution that was approximated by a Thirring model [76, 77, 78]
and the result is presented in Fig. 3.5(d). We find that the entropy recovered up to 150 K
(S = 10.7 J/mol FU-K) is only slightly lower than expectations for a Stot = 3/2 molecular
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degree of freedom (S = 11.5 J/mol FU-K), which is consistent with the Ru dimer electronic
ground state that we described above. This result also suggests that the Schottky anomaly
arises from a small zero field splitting of the Stot = 3/2 state.
Since we were not able to identify a definitive origin for the Tc1 magnetic transition
in Ba3LaRu2O9 from our bulk characterization measurements, we performed muon spin
relaxation (µSR) on our samples. This technique is extremely sensitive to local magnetic
fields and magnetic volume fractions, so it can be used to readily differentiate between
scenarios where the Tc1 transition arises from a small magnetic impurity phase or a magnetic
structure change intrinsic to Ba3LaRu2O9. Muon spin polarization (i.e. µ+ polarization)
plotted as a function of time at various temperatures is shown in Fig. 3.6(a) and reveals
clear evidence of static magnetism appearing below a temperature of roughly 25 K, which is
in excellent agreement with our bulk characterization data. Closer inspection of the lowest
temperature data reveals highly-damped oscillations, as shown in Fig. 3.6(b), indicating longrange order with appreciable decoherence (short 1/T2 ). The polarization could be successfully
fit with the following function:
2

2 X −t/T2i
1
P (t) =
ai e
cos(ωi t) + e−t/T1 ,
3 i=1
3

(3.1)

where 1/T2 is the dephasing or decoherence rate and 1/T1 is the spin-lattice relaxation rate.
Two different frequencies were used, which would logically correspond to muon stopping
sites near the two inequivalent oxygen sites in the structure since ∼ 1Å muon-oxygen bonds
are commonly found in oxides [79]. It was not possible to successfully fit the data with the
Koptev-Tarasov function [72], which accounts for damping of oscillations through significant
inhomogeneity of the internal fields, rather than decoherence. Similar results were obtained
for two samples studied (A and B). Slight discrepancies are observed, but the oscillation
frequencies are the same within the uncertainty on the fitting parameters. More precisely, in
sample A we obtained ω1A = 72 ± 3 µs−1 and ω2A = 40 ± 13 µs−1 . In sample B, ω1B = 79 ± 8
µs−1 and ω2B = 42 ± 5 µs−1 . Since this data for the two samples is in excellent agreemeent,
we focus on the sample A measurements in the rest of this section.

45

(b)
38.8
26.8
25.3
24.5
23.5
21.6
1.98

1.0
0.8
0.6
0.4

K
K
K
K
K
K
K

µ+ Polarization

µ+ Polarization

(a)

Damped oscillation
Sample A
Sample B

0.6
0.4
0.2

0.2
0

2

4

6

t (µs)

0.0

1.00
0.75
0.50
0.25
0.00
0

10

20

0.1

30

40

T (K)

0.2

0.3

0.4

0.5

t (µs)

(d)
µ+ Polarization

(c)
Frozen fraction

0.8

4000 Oe
2000 Oe
1000 Oe
500 Oe
200 Oe
0 Oe

1.0
0.8
0.6
0.4
0.2
0.0

0.1

0.2

0.3

0.4

0.5

t (µs)

Figure 3.6: (a) Temperature-dependence of the muon spin polarization in zero field. (b)
Oscillations observed in the zero-field polarization at short times for two different samples,
with the sample B data shifted upwards to improve clarity. The data fit well to the sum of two
damped cosines. To within the uncertainty of the fit parameters, both samples exhibit the
same oscillation frequencies. (c) Frozen (ordered) volume fraction vs temperature obtained
from the zero field measurements. The magnetic transition temperature is indicated by a
vertical dashed line. (d) Longitudinal field scan of the muon spin polarization at T = 1.5 K,
along with simulation results described in the text shown as solid curves.
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To identify the onset of the magnetic order and hence the transition temperature, we
have fit the slowly-relaxing part of the zero-field polarization at t > 0.2 µs for sample A to a
simple exponential function, PZF = (1 − 2f /3)e−t/T1 , where f represents the frozen fraction.
Here the amplitude of the slowly-relaxing component contains both the non-frozen fraction
of the sample and the 1/3 tail from the static fraction. The temperature-dependence of the
ordered volume fraction extracted from this analysis is shown in Fig. 3.6(c) and essentially
consistent with a fully-ordered sample.
In Fig. 3.6(d), a longitudinal field scan of the muon spin polarization is shown and
demonstrates that BL = 4000 Oe is sufficient to completely decouple the muon spins from
internal magnetic fields (which are at most around 850 Oe). A simulation of the expected
longitudinal field behavior for each muon stopping site was performed using the following
equation:
Z
1 π
P (t) =
dξ sin ξ sin2 [θ(ξ)] cos [B(ξ)γt] e−t/T2i
2 0
Z
1 π
+
dξ sin ξ cos2 [θ(ξ)] e−t/T1 ,
2 0

(3.2)

with the magnitude of the magnetic field given by
q
B = (BL + Bi cos ξ)2 + Bi2 sin2 ξ,

(3.3)

and with cos θ = (BL + Bi cos ξ)/B and sin θ = (Bi /B) sin ξ. Here, Bi represents the
internal field for the ith muon stopping site in the absence of applied field. While this
simulation [see Fig. 3.6(d)] is not entirely successful, it is also quite an oversimplification.
Here we only consider the effects of the addition of the longitudinal field onto a unique (but
randomly-oriented) internal field with linewidth and relaxation effects added afterwards in
an ad hoc fashion. The main deviations from theory are at low fields where the linewidth
is comparable to the applied field and our model is particularly crude. The fields at which
complete decoupling is achieved are well-captured by the model and overall this analysis is
fully consistent with the notion of static magnetism in Ba3LaRu2O9.
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These µSR measurements provide support for two important conclusions. Firstly, the
highest frequency observed in these samples (72±3 µs−1 for sample A and 79±8 µs−1 for
sample B) is roughly six times higher than the highest frequency observed in the isostructural
material Ba3LuRu2O9 [1]. This finding can be easily rationalized with the higher local
magnetic fields expected for the Stot = 3/2 Ru dimer ground state discussed above. Naively,
one would expect a factor of three increase in internal field, but this expectation completely
neglects the rather different orbital configurations that will result in these two distinct
situations. Secondly, there is no abrupt change in the magnetic volume fraction of the
data at Tc1 . This suggests that the 6 K magnetic transition arises from a small magnetic
impurity in the sample, and in fact the 12-L perovskite Ba4LaRu3O12 is known to order
at this temperature [80]. We note that the true ordering temperature of Ba3LuRu2O9 is
significantly higher than its isostructural counterparts Ba3 (Y,In,Lu)Ru2 O9 [29, 1] and this
is fully consistent with expectations for an electronic ground state with a larger spin.
In order to obtain confirmation of the true magnetic transition temperature and to better
understand the critical behavior at this transition, complementary elastic neutron scattering
measurements were performed on a polycrystalline sample of Ba3LaRu2O9 using the HB-1A
triple axis spectrometer at HFIR. We measured the temperature dependence of the (0 0.5
1) magnetic peak intensity, as shown in Fig. 3.7(a). A simple power law was applied to fit
the peak intensity near the transition temperature:

2β
T
I = I0 1 −
,
TN

(3.4)

where TN = Tc2 is the Neél temperature and β is the critical exponent of the order parameter
(OP). The fitting result yields TN = 26.4(2) K and no sharp change in the intensity is detected
around 6 K, which is consistent with our other measurements described above. We also find
that β = 0.30(2), which is close to the values expected for a three-dimensional universality
class (β3D, Ising = 0.326 and β3D, Heisenberg =0.345) and much larger than expected for a quasi2D Ising model (β2D, Ising = 0.125). This result is surprising since a T 2 -dependence for the
low-temperature specific heat often arises from spin wave contributions of a gapless, quasi-2D
antiferromagnet.
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Figure 3.7: (a) The temperature-dependence of the (0 0.5 1) magnetic peak intensity. A
power law fit performed just below the transition temperature reveals a critical exponent
of 0.30(2), which is consistent with a three-dimensional universality class. (b) The refined
neutron powder diffraction pattern at 1.5 K. The data is plotted with red symbols, the
combined structural and magnetic model is superimposed with a blue curve, the ticks below
the pattern show expected Bragg peaks for the structural and magnetic phase, and the
difference pattern is indicated by a solid black curve. The index of the strongest magnetic
peak is (0 0.5 1).

With the true magnetic transition temperature of Ba3LuRu2O9 now established, we return
to the open questions surrounding the magnetic structure measured previously [30]. We
collected neutron powder diffraction data on polycrystalline Ba3LaRu2O9 at 1.5 and 40 K
using the HB-2A powder diffractometer with a neutron wavelength of 2.41 Å. The 1.5 K
diffraction pattern is similar to the previous measurements of Senn et al [30] and consists
of both nuclear and magnetic Bragg peaks, as shown in Fig. 3.7(b). The 1.5 K data can
be refined in the P 63 /mmc space group, as noted above, and the magnetic peaks observed
can be indexed with the same propagation vector ~k = (0

1
2

0) identified previously. To

model the magnetic structure we first performed a symmetry analysis using SARAh [70].
Assuming a second order phase transition at TN , the most likely magnetic models should
correspond to one of the eight irreducible representations. However, we found that none of
these models could fully explain our data, and therefore we also tried linear combinations of
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them. Ultimately, we find the the best magnetic refinement of the 1.5 K diffraction pattern
is achieved by using the same Γ3 + Γ5 model as before [30]. The Γ3 component is required
to explain the magnetic intensity at the (0.5 -1 0) position, which is not captured by the
Γ5 model only. To estimate the ordered moment size, we used a local moment model with
the Ru5+ magnetic form factor that has been reported elsewhere [81]. The refined moment
sizes per Ru ion at T = 1.5 K are mb = 1.23(9) µB , mc = 0.5(1) µB , and mtot = 1.3(1) µB .
These values are consistent with the reported ordered moment sizes of mb = 1.3(1) µB ,
mc = 0.6(2) µB , and mtot = 1.4(2) µB reported previously [30] and close to the expectation
of mtot = 3 µB for a Stot = 3/2 Ru dimer electronic ground state. We also note that
the orbital-selective Mott state for the Ru dimers naturally describes the ferromagnetic
intradimer coupling revealed from the analysis of the NPD data, but the refined moment
direction is difficult to understand. A schematic of the refined magnetic structure is presented
in Figs. 3.1(a) and (c); this is the collinear stripe spin configuration that is predicted for
a triangular lattice with a significant in-plane next nearest neighbor exchange interaction
JNNN (i.e. JNNN /JNN > 0.125 [82]).
We now return to the spin wave mode measured with inelastic neutron scattering using
the SEQUOIA spectrometer. This excitation was best observed by collecting data with an
incident energy Ei = 25 meV, which is presented in Fig. 3.8(a) and (b) at T = 4 and 30
K respectively. Notably, there is a strong band of inelastic scattering at 30 K centered
above the (0 0.5 0) and (0 0.5 1) magnetic Bragg peaks that shows a significant shift in
spectral weight up to higher energy transfers at 4 K. This phenomenon has been observed
in many other ordered systems when cooling below TN [83, 84, 85] and may suggest that
the spin wave spectrum of Ba3 LaRu2 O9 is gapped. However, the spin wave contribution to
the low-temperature specific heat would then show an activated behavior rather than a T 2
dependence. This discrepancy, combined with the inconsistent universality class conclusions
obtained from the specific heat and the HB-1A neutron scattering data, suggest that the T 2 dependence of the low-temperature specific heat does not arise from a spin wave contribution.
We also considered modeling the spin wave data with a magnetic Hamiltonian, but we
failed to find a simple model that could explain the moment direction obtained from neutron
powder diffraction. For this hexagonal crystal structure, Heisenberg models with zero field
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Figure 3.8: (a), (b) Color contour plots of the dynamical structure factor S(Q, ω) multiplied
by the magnetic form factor squared f (Q)2 at T = 4 K and 30 K, respectively, for the incident
energy Ei = 25 meV SEQUOIA data sets. The spectral weight of the inelastic scattering
observed at 30 K shifts up to higher energy transfers below TN = 25 K, which is consistent
with a gapped spin wave mode. For simplicity, f (Q)2 is not included in the labels of the
figure panels.
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Figure 3.9: Neutron powder diffraction patterns of Ba3LaRu2O9 under different applied
pressures. (a) A close-up view of the (0 0.5 1) magnetic Bragg peak as a function of different
temperatures and applied pressures. At a temperature of 2 K, this peak is significantly
suppressed at an applied pressure P = 0.9 GPa. Due to a small background shift in the data
with increasing pressure, this effect can be best observed by tracking the integrated intensity
of this peak as a function of pressure (see the inset). (b) The (0 0.5 1) peak intensity
as a function of temperature for P = 0.3 and 0.9 GPa. Although the magnetic transition
temperature shows very little change with increasing pressure, the peak intensity is noticably
suppressed by 0.9 GPa, which is indicative of a spin state transition in this pressure regime.
(c) A close-up view of the (1 0 1) structural Bragg peak, which splits into three peaks even
at P = 0.3 GPa.

splitting (i.e. single ion anisotropy) D can only produce moments in the ab-plane (D > 0)
or along the c-axis (D < 0), but not somewhere in between these two extremes. To obtain
the correct ground state found experimentally, it appears that the addition of exchange
anisotropy is essential, but this consideration goes beyond the scope of our work on a powder
sample. Single crystal inelastic neutron scattering measurements on Ba3LaRu2O9 will be
invaluable for elucidating the magnetic Hamiltonian of this system.
One way to gain additional insight into mechanisms leading to the Stot = 3/2 molecular
ground state in Ba3LaRu2O9 is to apply external stimuli [86, 87]. Since orbital hybridization
should increase with decreasing intradimer Ru-Ru distance, our hypothesis is that a small
amount of pressure may induce a spin state transition from Stot = 3/2 to Stot = 1/2 [87].
Such a transition is expected to take place with a reduction in the Ru ordered moment from
3 µB to 1 µB per cluster. We performed a neutron diffraction experiment at HB-2A in a 1
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GPa Cu-Be pressure cell to search for evidence of such a high → low spin state transition
by tracking the intensity of the strongest magnetic Bragg peak under compression. We find
significant suppression in the intensity of this peak when the pressure is increased from 0.3
to 0.9 GPa, as shown in Fig. 3.9(a) and (b), but no significant change in the magnetic
transition temperature. Due to a background shift with increasing pressure, we plot the
pressure-dependence of the integrated intensity for this peak in the Fig. 3.9(a) inset. We
also searched for new magnetic Bragg peaks at 0.9 GPa by collecting diffraction patterns over
a wide angular range at both 2 and 30 K, but none were found. Suppression of this magnetic
peak under compression is therefore consistent with a low-lying spin state transition rather
than a magnetic structure change in this material. Notably, the crystal structure also appears

°

to be modified at a lower pressure of 0.3 GPa, as the hexagonal (101) peak at 2θ = 28.6 splits
into three peaks, as shown in Fig. 3.9(c). The highest crystal symmetry consistent with this
three-fold peak splitting is monoclinic. Unfortunately, our data quality is insufficient for
refining the crystal structure of this material under compression due to the high, structured
background of the pressure cell and the significant neutron beam attenuation through the
cell.
In order to gain additional insight into the pressure-driven transitions, we turn to Raman
spectroscopy. This method dovetails well with diamond anvil cell techniques and supports
tuning the sample over a much wider pressure range. Figure 3.10(a) displays the Raman
response of Ba3LaRu2O9 at room temperature under compression. Plots of frequency vs
pressure, as shown in Fig. 3.10(b) and (c), allow us to track the behavior of individual
phonons and identify clear changes at P = 0.9 GPa. While some modes such as the Ru–O
stretch at 776 cm−1 are insensitive to the 0.9 GPa transition, others (for instance at 215
and 235 cm−1 ) sport inflection points with subsequent hardening as well as strong doublet
splitting. This suggests that while the Ru dimer is structurally rigid across the critical
pressure, the charge storage layer containing Ba and La is not. This is consistent with findings
for structural rigidity of the Ru dimer across the coincident high → low spin transition in the
bimetallic quantum magnet [Ru2 (O2 CMe)4 ]3 [Cr(CN)6 ] [86, 87, 88]. At the same time, the
lower frequency modes involving Ba and La motion provide evidence for symmetry breaking
across the 0.9 GPa transition.
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Figure 3.10: (a) Raman scattering of Ba3LaRu2O9 under compression at room temperature
along with a schematic summary of the structural and spin state aspects of the transition.
(b) Frequency vs. pressure of several characteristic vibrational modes of Ba3LaRu2O9 up to
10.36 GPa. (c) Close-up view of frequency vs. pressure trends in the vicinity of the 0.9 GPa
transition. The color scheme denotes the change in crystal structure.
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A correlation group analysis identifies several candidate subgroups of the P 63 /mmc space
group. Recalling that neutron diffraction for T ≤ 30 K constrains the high pressure phase
to a monoclinic structure, these subgroups include C2/c, P 21 /m, and C2/m. We begin by
considering whether the system will have a primitive or centered lattice type in the highpressure phase. Our system sports a primitive lattice (P 63 /mmc) at ambient conditions
and goes through a centered lattice space group (CmCm) on the way to one of the three
candidate monoclinic subgroups. We expect that the final symmetry reduction will retain a
centered lattice because the face-centered cell is more dense than the primitive lattice and
therefore more stable under pressure. The screw operation is also unlikely to remain intact
under these conditions. This eliminates P 21 /m and leaves C2/c and C2/m as the remaining
candidates. Next we consider whether the high pressure phase contains a reflection or glide
plane. Here, we proceed by realizing that reflection is a higher symmetry operation and that
pressure tends to break mirror planes. This leaves C2/c as the most probable space group
above the critical pressure, which is consistent with previous work identifying a C2/c crystal
structure in symmetry-lowering transitions of other 6H-perovskites [20, 30]. Further work
is required to determine whether the 0.9 GPa structural transition at room temperature is
coincident with the spin state transition identified at lower temperatures by neutron powder
diffraction.

3.4

Conclusions

In conclusion, we have used a combination of bulk characterization, muon spin relaxation,
neutron diffraction, and inelastic neutron scattering to identify an intermediate Stot = 3/2
Ru dimer ground state in Ba3LaRu2O9 that is generated by orbital-selective Mott insulating
behavior at the molecular level. We also find collinear stripe magnetic order below TN = 25 K
for these spin-3/2 degrees-of-freedom, which is consistent with expectations for an ideal
triangular lattice with significant next nearest neighbor in-plane exchange. Finally, we
present neutron diffraction and Raman spectroscopy data under applied pressure that reveal
low-lying structural and spin state transitions at modest applied pressures P ≤ 1 GPa, which
highlights the delicate balance between competing energy scales in this material. Interesting
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future directions for Ba3LaRu2O9 include identifying the origin of the T 2 -dependence of
the low-temperature specific heat, determining the magnetic Hamiltonian giving rise to the
moment direction of the stripe spin order, solving the high-pressure crystal structure, and
carefully mapping out the temperature-pressure phase diagram. Our work highlights the
need to develop a comprehensive understanding of the electronic ground state of a heavytransition-metal based molecular magnet, where large orbital hopping may lead to the
breakdown of a simple local moment/double exchange picture, before the collective magnetic
properties of the system can be properly identified and characterized.

56

Chapter 4
Large Zero-Field Splitting in
Ba3CeRu2O9
We present the synthesis and magnetic characterization of a polycrystalline sample of the 6Hperovskite Ba3CeRu2O9, which consists of Ru dimers based on face-sharing RuO6 octahedra.
Our low-temperature magnetic susceptibility, magnetization, and neutron powder diffraction
results reveal a nonmagnetic singlet ground state for the dimers. Inelastic neutron scattering,
infrared spectroscopy, and the magnetic susceptibility over a wide temperature range are best
explained by a molecular orbital model with a zero-field splitting parameter D = 85 meV
for the Stot = 1 electronic ground-state multiplet. This large value is likely due to strong
mixing between this ground-state multiplet and low-lying excited multiplets, arising from
a sizable spin molecular orbital coupling combined with an axial distortion of the Ru2O9
units. Although the positive sign for the splitting ensures that Ba3CeRu2O9 is not a single
molecule magnet, our work suggests that the search for these interesting materials should be
extended beyond Ba3CeRu2O9 to other molecular magnets based on metal-metal bonding.

4.1

Introduction and Motivation

Zero field splitting (ZFS) is a ubiquitous phenomenon in magnetic materials[89]. This effect
lowers the degeneracy of the energy levels for magnetic ions with more than one unpaired
electron in zero applied magnetic field due to interactions with the crystalline environment.
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In many materials, the largest interaction leading to ZFS is first order magnetocrystalline
anisotropy, which arises from the crystal electric field generated by the neighboring nonmagnetic ligands. ZFS is often quantified through the two parameters D and E, which
define the axial and transverse components of this effect respectively. For systems based on
single ion magnetic building blocks, typically |D| < 50 K[89].
Recent work has shown that |D| > 100 K can be realized in materials with electrons
delocalized over small molecular clusters[90, 91, 92, 93]. This extremely large ZFS in these
cluster Mott insulators[94, 95, 96] is attractive in the search for new single molecule magnets
(SMMs) with potential applications in nanoscale magnetic devices[97]. SMMs consist of
isolated magnetic ions or clusters with high spin ground states, which enable an applied
magnetic field to induce a net magnetization that can be maintained for relatively long
periods of time once the field is switched off. An extremely large ZFS between the high spin
ground state and lowest-lying excited state is a prerequisite for a long magnetic relaxation
time even near room temperature, which is extremely desirable for most SMM applications.
The 6H-perovskites, with the general formula Ba3 MA2 O9 , may be particularly interesting
in this context. The versatility of the crystal structure, shown in Fig. 4.1, enables the A site
to accommodate magnetic ions such as 4d and 5d transition metals, which form spin dimers
due to the short nearest neighbor A-A distance arising from the AO6 face-sharing octahedral
geometry. Most previous work on 6H-perovskites with a magnetic A site has assumed that
a single ion, local moment picture is a valid starting point for understanding the electronic
ground states of the individual dimers. However, we recently showed that metal-metal
bonding occurs in Ba3 M Ru2 O9 (M = In, Lu, Y)[1] due to significant orbital hybridization,
resulting in an Stot = 1/2 Heisenberg moment distributed equally over the two Ru sites. This
cluster Mott insulating behavior likely arises due to the large spatial extent of the Ru 4d
orbitals combined with the extremely short intradimer Ru-Ru distances (2.54-2.56 Å at room
temperature)[1]. These distances are smaller than the values reported for both Ru metal
and many other members of this family, as indicated in Table 4.1. Intriguingly, Ba3 M Ru2 O9
(M = Ce, Pr, Tb)[31] have eight valence electrons per Ru dimer and even shorter intradimer
Ru-Ru distances, which likely leads to cluster Mott insulator behavior also. Large ZFS may
play an important role in establishing the electronic ground state of the dimers as Stot = 1/2
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is not expected. Since Ba3 CeRu2 O9 consists of well-separated magnetic centers due to nonmagnetic Ce4+ occupying the A site and no evidence for long-range magnetic order was found
previously down to 2 K[31], it is a SMM candidate.
Detailed knowledge of the single dimer electronic ground state in Ba3 CeRu2 O9 is
important for establishing the collective magnetic properties and investigating the SMM
candidacy of this material. There are four competing scenarios: (1) single ion, S = 1 local
moments produce an Stot = 0 dimer ground state due to antiferromagnetic superexchange,
(2) a molecular orbital picture where metal-metal bonding leads to a dimer ground state with
Stot = 1 Heisenberg moments[22], (3) a molecular orbital picture where metal-metal bonding
z
= 0) non-magnetic dimer
and significant ZFS with D > 0 lead to a |1, 0i (i.e. Stot = 1, Stot

state, or (4) a molecular orbital picture where metal-metal bonding and significant ZFS with
D < 0 lead to a |1, ±1i dimer state. The second and fourth scenarios generate a quasitwo-dimensional triangular magnetic sublattice, which is a canonical frustrated geometry.
Therefore, in these cases the absence of long-range magnetic order down to 2 K could arise
from competing exchange interactions or extremely weak interdimer interactions. Finally,
it is interesting to note that if the fourth scenario applies to Ba3 CeRu2 O9 and interdimer
interactions are negligible, then it is a SMM.
We collected magnetometry, neutron powder diffraction, inelastic neutron scattering,
and infrared spectroscopy data on polycrystalline Ba3 CeRu2 O9 to establish the nature of
the magnetic building blocks and to elucidate the collective magnetic properties of this
material. We find no evidence for long-range magnetic order down to 300 mK due to single
dimer ground states that are non-magnetic. The inelastic neutron scattering and infrared
spectroscopy measurements reveal a large spin gap to the first excited state. Subsequent
susceptibility modeling shows that the non-magnetic dimer states likely arise from a metalmetal bonding scheme with an extremely large, positive zero field splitting (i.e. D > 0) of
the Stot = 1 electronic ground state manifold. We attribute this zero field splitting to the
crystalline c-axis off-centering of the two Ru ions in their respective RuO6 oxygen octahedra,
which arises from their mutual electrostatic repulsion. Unfortunately, the positive D value
ensures that Ba3 CeRu2 O9 is not a SMM.
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Figure 4.1: (a) Crystallographic unit cell of Ba3CeRu2O9. (b) Local structure of a Ru dimer,
which shows the inequivalent red and blue triangles composed of O1 and O2 ions, respectively.
These inequivalent oxygen triangles arise from an octahedral off-centering of the two Ru ions
along the c-axis.
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Table 4.1: Nearest-neighbor Ru-Ru distances in Ru
ruthenate compounds at room temperature.
material
4d
nominal
electrons
Ru valence
per dimer
Ru metal
Ba3 NaRu2 O9
5
5.5
5
5.5
Ba3 LiRu2 O9
6
5
Ba3 CaRu2 O9
Ba3 ZnRu2 O9
6
5
6
5
Ba3 CoRu2 O9
7
4.5
Ba3 YRu2 O9
Ba3 InRu2 O9
7
4.5
Ba3 LuRu2 O9
7
4.5
8
4
Ba3 PrRu2 O9
Ba3 TbRu2 O9
8
4
8
4
Ba3 CeRu2 O9
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metal and selected 6H-perovskite
intradimer
distance
(Å)
2.65
2.75
2.77
2.65
2.67
2.68
2.54
2.56
2.55
2.49
2.49
2.46

ref.

[5]
[2]
[2]
[33]
[34]
[35]
[29]
[29]
[29]
[31]
[31]
this work

4.2

Experimental Details

Polycrystalline Ba3 CeRu2 O9 was prepared by a solid-state chemistry method using a
stoichiometric amount of the starting materials BaCO3 , Ru and CeO2 (pre-dried at
950 ◦ C overnight) with phase purities of 99.9% or greater. The starting materials were
mixed in agate mortars, pressed into pellets, annealed in air at 900 ◦ C for 12 hours, and
then annealed for another 30 hours at 1350 ◦ C with intermediate grinding and pelletizing.
X-ray powder diffraction using a HUBER image-plate Guinier camera with Cu-Kα1 radiation
(1.54059 Å) confirmed the phase purity of the sample. The magnetization was measured
with both a Quantum Design Vibrating Sample Magnetometer and a Magnetic Property
Measurement System in the temperature intervals 2-320 K and 300-600 K respectively.
Neutron powder diffraction (NPD) on the Ba3 CeRu2 O9 polycrystalline sample was
performed on the HB-2A powder diffractometer of the High Flux Isotope Reactor (HFIR)
at Oak Ridge National Laboratory (ORNL). The sample was loaded in an aluminum can
and the data were collected at T = 0.3 K, 100 K, and 300 K with a neutron wavelength of
1.54 Å and a collimation of open-21’-12’. Inelastic neutron-scattering (INS) measurements
were performed on the direct-geometry time-of-flight chopper spectrometer SEQUOIA of the
Spallation Neutron Source (SNS) at ORNL, using the same polycrystalline sample loaded
in an aluminum can. Spectra were collected at 4 and 300 K with incident energies Ei = 25,
100, 200, and 300 meV. An empty aluminum can was measured in identical experimental
conditions for a similar counting time. The resulting background spectra were subtracted
from the corresponding sample spectra after normalization with a vanadium standard to
account for variations of the detector response and the solid angle coverage.
Infrared (IR) spectra was measured using a Fourier transform spectrometer and an open
flow cryostat (3 - 85 meV, 20 - 300 K) on a mixed Ba3 CeRu2 O9 and paraffin (KBr) pellet to
ensure sufficient photon transmittance; KBr is required to control the optical density of the
1
sample. The absorption was calculated as α(ω) = − hd
ln[τ (ω)], where τ (ω) is the measured

transmittance, d is the thickness of the pellet, and h is the mass ratio of Ba3 CeRu2 O9 in the
mixture.
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4.3

Results and Discussion

Figure 4.2(a) shows the magnetic susceptibility χ (plotted as M/H) vs temperature for
Ba3CeRu2O9 measured between 2 and 300 K in an applied magnetic field of 0.1 T. No features
indicative of magnetic order are observed down to 2 K, which is in good agreement with
previous work [31] and in sharp contrast to the seven 4d-electron dimer analogs Ba3MRu2O9
(M = In, Lu, Y) [29, 98, 30, 1]. The low-T data between 2 and 20 K, shown in the inset of
Fig. 4.2(a), fits well to the Curie-Weiss law:
χ=

C
+ χ0
T −θ

(4.1)

where C is the Curie-Weiss constant, θ is the Weiss temperature, and χ0 is a T -independent
contribution. Our best fit yields C = 0.00351 emu-K/mol-FU (Ba3 CeRu2 O9 formula unit),
θ = -0.5 K, and χ0 = 9.3×10−4 emu/mol-FU. The Curie-Weiss constant corresponds to an
effective moment of only 0.17 µB , which is extremely small and possibly indicative of a nonmagnetic dimer ground state. To investigate this possibility further, we collected isothermal
magnetization data at 2 K. Fig. 4.2(b) illustrates that simple Brillouin function behavior
corresponding to paramagnetic spin-1 moments arising from either single ion Ru4+ (e.g.
S = 1) or molecular orbital formation (e.g. Stot = 1) was not observed. Instead, the small
magnetization measured throughout the entire field range investigated, which may arise from
impurities and/or defects in the sample, provides additional support for the non-magnetic
dimer ground state. We can place an upper bound on the molar fraction f of the magnetic
impurities or defects by assuming that they arise from spin-1/2 moments and then fitting
our magnetization data to the appropriate Brillouin function BS (x):
M mol (H, T ) = χ0 (T )H + f NA µB gSBS (x)

(4.2)

where
x=

gSµB H
kB T

(4.3)

and χ0 (T ) is the field-independent susceptibility of Ba3 CeRu2 O9 at temperature T , NA is
Avogadro’s constant, g = 2 is the Lande g-factor, µB is the Bohr magneton, and kB is the
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Figure 4.2: (a) Magnetic susceptibility versus temperature for Ba3CeRu2O9 measured in an
applied magnetic field of 1 kOe between 2 and 300 K. (b) Low-temperature data only with the
best fit to the Curie-Weiss law superimposed as a solid curve. (c) Isothermal magnetization
at 2 K (open symbols) with the best Brillouin function fit superimposed on the data. The
small value of the magnetization measured over the entire field range investigated, which we
attribute to a magnetic impurity phase or defects, is consistent with a nonmagnetic spinsinglet ground state for Ba3CeRu2O9. (d) The refined neutron powder diffraction pattern
with T = 0.3 K. The ticks below the diffraction pattern correspond to the expected Bragg
peak positions for the Ba3CeRu2O9 sample and the Al can. The gray arrow identifies the
region where the largest impurity peaks are observed. (e) A rescaled version of the diffraction
data over a limited 2θ range, which highlights the small impurity peaks.
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Table 4.2: Lattice constants and selected structural parameters for Ba3 CeRu2 O9 at various
temperatures extracted from refinements of the NPD data.
Temp.(K) 0.3
100
300
a(Å) 5.87708(11) 5.87850(7) 5.88924(8)
c(Å) 14.6399(3) 14.6381(3) 14.6392(3)
Ba2 -z/c 0.9014(3)
0.9008(3)
0.9004(3)
Ru-z/c 0.1655(2)
0.1659(2)
0.1659(2)
O1 -x/a 0.4895(8)
0.4894(7)
0.4886(7)
O2 -x/a 0.1750(6)
0.1744(5)
0.1750(6)
O2 -z/c 0.41235(13) 0.41267(12) 0.41315(13)
Rwp (%) 9.28
6.05
6.71
Ru-Ru(Å) 2.474(4)
2.462(4)
2.462(4)
Ru-O1 (Å) 2.014(4)
2.010(3)
2.005(3)
Ru-O2 (Å) 1.974(4)
1.986(4)
1.987(4)
◦
O1 -Ru-O2 ( ) 91.84(13)
91.87(12)
92.10(12)
O1 -O1 (Å) 2.753(5)
2.751(4)
2.741(4)
O2 -O2 (Å) 2.792(4)
2.805(5)
2.798(6)
O1 -O2 (Å) 2.866(3)
2.872(3)
2.874(3)
Ru off-center(Å) 0.048(6)
0.040(6)
0.036(8)

Boltzmann constant. Our best fit to this expression yields f = 0.8%, which is consistent
with a very small concentration of defect or impurity moments.
Previous x-ray diffraction work found that Ba3 CeRu2 O9 crystallizes in the hexagonal
P 63 /mmc space group at room temperature [31]. A schematic of the complete crystal
structure is presented in Fig. 4.1(a). Face-sharing RuO6 octahedra produce Ru dimers
with an intradimer Ru-Ru distance shorter than reported for Ru metal [5]; the spatial
arrangement of the Ru2 O9 units is depicted in Figs. 4.1(b) and (c). The Ru2 O9 units
consist of two crystallographically-inequivalent oxygen ions, which are labeled O1 and O2
in Fig. 4.1(d). We performed neutron powder diffraction between 0.3 K and 300 K to
search for signatures of structural phase transitions or long-range magnetic order.

A

representative diffraction pattern at 0.3 K is shown in Fig. 4.2(c). No magnetic Bragg
peaks are observed, which is consistent with the non-magnetic ground state scenario inferred
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from the magnetization measurements. Furthermore, no evidence for structural transitions
is found in this data, as the diffraction patterns refine well in the hexagonal P 63 /mmc space
group at all temperatures. The lattice constants, atomic fractional coordinates, refinement
quality, and selected bond lengths and angles at various temperatures are depicted in
Table 4.2. The intradimer Ru-Ru distance remains extremely short down to 0.3 K, and
therefore a molecular orbital scheme may be appropriate for this material over a wide
temperature range. We also note that the Ru ions are not centered in their respective oxygen
octahedra. Instead, they are displaced away from one another along the c-axis due to the
electrostatic repulsion between them, generating inequivalent Ru-O1 and Ru-O2 bonds and
producing a size mismatch between the ab-plane triangles formed by the O1 and O2 oxygen
ions in this material [see Fig. 4.1(d)]. The magnitude of this displacement is presented at
various temperatures in Table II. Table I highlights the importance of electrostatic repulsion
throughout this family, as the metal-metal distance increases systematically as the nominal
valence of the A site increases.
As discussed in the Introduction above, there are two likely ways to produce a
non-magnetic dimer ground state in Ba3 CeRu2 O9 : (1) via antiferromagnetic, intradimer
superexchange between single ion, local moments, or (2) via significant positive zero-field
splitting (D > 0) in a molecular orbital picture.

The T -dependence of the magnetic

susceptibility is very different for these two cases and therefore it can be used to help
distinguish between them.

However, the appropriate fit functions are generally over-

parameterized, so first establishing the energy scales of the excited states with other
measurements is desirable. To this end, we used spectroscopy techniques to identify the
possible molecular excitations in Ba3 CeRu2 O9 .
Inelastic neutron scattering measurements were performed on the SEQUOIA spectrometer with incident energies Ei = 25, 100, 200, and 300 meV. Figure 4.3(a) and (b) show
T = 4 K color contour plots of the dynamical structure factor S(Q, ω) multiplied by the
magnetic form factor squared (f (Q)2 ) for Ei = 25 and 100 meV respectively. An empty Al
can background has been subtracted from both datasets to minimize scattering contributions
from Al phonons. Both sample spectra are dominated by Ba3 CeRu2 O9 phonon modes
over a wide energy range up to ∼ 70 meV. The magnetic scattering can be isolated by
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Figure 4.3: (a–c) Color contour plots of the dynamical structure factor S(Q, ω) multiplied
by the magnetic form factor squared f (Q)2 at T = 4 K for the incident energy Ei = 25,
100, and 300 meV SEQUOIA data sets. The spectra are dominated by Ba3CeRu2O9 phonon
contributions up to 70 meV, and no magnetic excitations are clearly visible. (d–f) ConstantQ cuts of f (Q)2 S(Q, ω) at low-Q (integration ranges shown on each panel) with T = 4 and
300 K for Ei = 25, 100, or 300 meV. (g–i) Constant-Q cuts for ∆χ” = χ”(4K)-χ”(300K)
with Ei = 25, 100, or 300 meV. The peaks in these plots, indicated by the gray arrows,
arise from magnetic scattering or an imperfect subtraction of the single phonon contribution
in χ”(Q, ω) due to multiphonon scattering or temperature-independent multiple scattering.
(j–l) Constant-E cuts of f (Q)2 S(Q, ω) (integration ranges shown on each panel) at T = 4 K
corresponding to the candidate magnetic excitations in panels (g)–(i). The 70 and 90 meV
peaks in ∆χ”(Q, ω) are the only ones with intensity that increases with decreasing Q, and
therefore they correspond to the magnetic modes observed in these data. For simplicity,
f (Q)2 is not included in the labels of the figure panels.
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plotting f (Q)2 ∆χ” instead, where χ” is the imaginary part of the dynamical magnetic
susceptibility and ∆χ” = χ”(4K)-χ”(300K). We found that our sample spectra have a
T -independent background that varies as a function of E but not Q. This background
likely results from elastic scattering leaking through into the inelastic channels due to the
finite instrumental energy resolution function [99]. For this reason, a straightforward Bose
correction [1 − e(−~ω/kb T ) ] ∗ S(Q, ω) could not be directly applied to our data to obtain χ”.
Instead, we examined 4 K and 300 K constant-Q cuts for each dataset at relatively high Q
where only contributions from the T -independent background and single phonon modes were
expected. We normalized the 300 K constant-Q cut so the E-dependent intensity matched
the corresponding 4 K constant-Q cut intensity, and then we applied this E-dependent
correction to the entire 300 K sample spectrum. Finally, we subtracted the modified 300 K
spectrum from the 4 K spectrum to obtain f (Q)2 ∆χ”. Figure 4.3(c), (d), and (e) depict
the ∆χ” plots for Ei = 25, 100, and 300 meV respectively. While there are no well-defined
magnetic excitations in the lower incident energy spectra, significant low-Q spectral weight
appears in the Ei = 200 and 300 meV spectra between energy transfers of 60 and 100 meV.
In fact, the Ei = 300 meV constant-Q cuts of χ” at 4 and 300 K illustrated in Fig. 4.3(f)
indicate that there are two magnetic excitations in this energy range with ∼ 70 and 90 meV
peak centers.
The intensity of the magnetic modes observed with INS was extremely weak, and therefore
we performed complementary IR spectroscopy measurements in an effort to confirm the
molecular excitation scheme. Figure 4.4(a) shows the IR absorption spectra measured at
various temperatures. Several peaks are evident in the data; these modes may have magnetic
and/or vibrational contributions. To differentiate between these possibilities, we extracted
the T -dependence of the integrated intensities (i.e. oscillator strengths) for the various
peaks. A peak with a pure phonon origin will typically broaden with increasing T , while
the integrated intensity will exhibit no T -dependence. On the other hand, the integrated
intensity of a peak with a significant T -dependence is indicative of a more complicated origin
(e.g. mixed mode with both phonon and magnetic components). Our analysis indicates that
the integrated intensity of the mode centered at 72 meV has a strong T -dependence and
therefore cannot be attributed to a phonon only. Furthermore, the energy scale of this mode
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Figure 4.4: (a) Variable-temperature infrared spectra of Ba3CeRu2O9 along with the base
temperature absorption difference spectrum ∆(α) = α(20 K) - α(300 K) in the upper portion
of the panel. (b) Oscillator strength of representative peaks from panel (a) as a function of
temperature. Unless indicated, the error bars are on the order of the symbol size.

is in excellent agreement with the lower energy magnetic excitation observed in the INS
data, so it likely consists of both phonon and magnetic contributions. There are no clear
signatures of other magnetic modes in the IR spectra up to energies of 85 meV. We note
that the 90 meV magnetic mode cannot be observed because it lies outside of the energy
window of the IR spectroscopy experiment.
With the energy scales now established for the two lowest-lying molecular excitations
in Ba3 CeRu2 O9 , we turn to magnetic susceptibility data to try and determine if antiferromagnetic superexchange between single ion, local moments or zero-field splitting within a
metal-metal bonding scheme generates the non-magnetic dimer ground state in Ba3 CeRu2 O9 .
Since the expected energy scale for the spin gap is rather large, we collected additional
susceptibility data up to the sample decomposition temperature of 600 K. The simplest
scenario to consider in the single ion case is antiferromagnetic superexchange J between
S = 1 Heisenberg moments. The T -dependence of the magnetic susceptibility is then given
by:
χdimer

NA µ2B g 2
=
kB T
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2x2 + 10x6
1 + 3x2 + 5x6


(4.4)

where x = e−J/kB T . The non-magnetic spin-singlet state is separated from the two lowestlying molecular excitations by energies of ∆ = 2J (Stot = 1 level) and 6J (Stot = 2 level)
respectively. This model was previously considered in Ref. [31], where the authors showed
that it could not provide a good description of the data. Our spectroscopy results described
above fully support this finding, as this model cannot explain the presence of two closelyspaced magnetic excitations in the INS data.
If we relax the Heisenberg constraint on the moments, then axial ZFS D of the first
excited Stot = 1 multiplet can generate the two magnetic modes observed in INS. When the
Stot = 2 spin manifold is neglected, the T -dependence of the magnetic susceptibility becomes
the following:
2NA µ2B gk2


e−D/kB T
χk =
kB T
1 + 2e−D/kB T + e∆/kB T


2
1 − e−D/kB T
2NA µ2B g⊥
χ⊥ =
D
1 + 2e−D/kB T + e∆/kB T


(4.5)
(4.6)

where ∆ = 2J − (2/3)D is the energy gap between the Stot = 0 ground state and the |1, 0i
excited state and gk and g⊥ are the components of the g-tensor parallel and perpendicular
to the c-axis respectively for the |1, ±1i state[100].
The non-magnetic dimer state and the INS data can be explained by this antiferromagnetic superexchange model for the two different parameter sets D = 18 meV, ∆ = 72 meV
or D = -18 meV, ∆ = 90 meV, so both scenarios are considered here. More specifically, we
attempted to fit the susceptibility data to the following functional form:

χ = χ0 +

C1
C2
+
+ χdimer2
T − θ1 T − θ2

(4.7)

with
1
2
χdimer2 = χk + χ⊥
3
3

(4.8)

where χ0 is a T -independent contribution. Upon careful visual inspection of the full-T
dependence of the magnetic susceptibility, two different Curie-Weiss regimes are apparent.
These contributions were accounted for with the C1 , θ1 and C2 , θ2 terms in Eq. (7).
Nonetheless, we were not able to obtain a satisfactory fit with sensible parameters over the
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Figure 4.5: Molecular orbital diagrams for Ba3CeRu2O9 corresponding to (a) the electronic
ground state and (b) the first electronic excited state.

entire T range measured in either case. This result suggests that the non-magnetic dimer
ground state in Ba3 CeRu2 O9 cannot be explained by a single ion, local moment picture.
As explained above, another possibility is that ZFS within a molecular orbital picture
leads to the non-magnetic dimer ground state in Ba3 CeRu2 O9 . This explanation seems
completely plausible due to the extremely short Ru-Ru intradimer distance in Ba3 CeRu2 O9
and experimental evidence that molecular orbital formation occurs in the isostructural
materials Ba3 M Ru2 O9 (M = In, Lu, Y)[1] with slightly longer intradimer Ru-Ru distances.
In this metal-metal bonding scenario, the c-axis trigonal distortion of the Ru2 O9 facesharing octahedra lowers the three-fold degeneracy of the bonding and antibonding orbitals
and produces the energy level scheme shown in Fig. 4.5(a)[22]. Therefore, an additional
symmetry-lowering mechanism is required to generate the non-magnetic ground state. As
noted above, the Ru ions are displayed along the c-axis from the centers of their respective
oxygen octahedra due to a mutual electrostatic repulsion. It is anticipated that this axial
distortion can lift the degeneracy of the eπ∗
g antibonding orbitals and therefore lead to the
molecular energy diagram illustrated in Fig. 4.5(b). More specifically, a zero field splitting
parameter D > 0 is expected to produce a non-magnetic dimer state of the form |1, 0i with
a spin gap D to an excited doublet |1, ±1i.
The simple molecular orbital model described above cannot explain the presence of two
magnetic modes in the INS data, so some simple modifications need to be considered before
attempting to fit the susceptibility data. Although a non-zero E could split the excited
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Figure 4.6: (a) Energy level diagram for an Stot = 1 molecular orbital model with D = 85
meV and ∆ = 72 meV. (b) Magnetic susceptibility of Ba3CeRu2O9 plotted as open symbols
with the best fit to the model described in (a) superimposed as a solid curve. (c) A rescaled
version of panel (b) that highlights the fit quality in the high-temperature regime. The
agreement between the data and the fit is excellent. (d) The energy level diagram for a
competing Stot = 1 molecular orbital model with D = 72 meV and ∆ = 85 meV. (e) The
temperature-dependence of the magnetic susceptibility for Ba3CeRu2O9 is shown again here
with the best fit to the competing model described in (d) that yields realistic parameters
superimposed on the data as a solid curve. (f) A rescaled version of panel (e) that highlights
the poor fit quality for this model in the high-temperature regime.
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doublet |1, ±1i into two singlets, our NPD results provide no evidence for a non-axial
component of the Ru octahedral off-centering in Ba3 CeRu2 O9 and therefore this possibility
can be ruled out. The second mode may simply represent a transition to the first excited
spin manifold Stot = 0 expected for a system with eight 4d-electrons per dimer[22], and this
is what we will assume here. The order of the |1, ±1i and |0, 0i modes in the magnetic
excitation spectrum will then depend on the relative strength of D and ∆ [see Fig. 4.6(a)],
where the latter corresponds to the energy difference between the Stot = 0 ground state
and the |1, 0i excited state as explained above. If we consider Eqs. (5-8) again, then two
parameter sets for D and ∆ are consistent with the modes energies determined from the
spectroscopy measurements in a molecular orbital scenario: D = 72 meV, ∆ = -90 meV or
D = 90 meV, ∆ = -72 meV. We proceeded to test the validity of these two models by fitting
our susceptibility data to Eq. (7); the fitting results are shown in Fig. 4.6(b). We find a
superior fit for the D = 90 meV, ∆ = -72 meV parameter set, and the other parameters
returned by this fit are as follows: gk = 3.35(1), g⊥ = 1.35(1), C1 = 0.0295(3) emu-K/mol-FU,
θ = -68(1) K, C2 = 0.00275(2) emu-K/mol-FU, θ2 = -0.12(2) K and χ0 = −2.56(1) × 10−4
emu/mol-FU. The Curie-Weiss parameters are consistent with the low-T susceptibility fitting
described above, as the contribution with the Weiss temperature close to zero dominates in
the 2 - 20 K temperature range. The excellent agreement between the data and this model
indicates that metal-metal bonding is extremely important in Ba3 CeRu2 O9 and the nonmagnetic dimer ground state arises from an extremely large, positive zero field splitting D
of the Stot = 1 ground state manifold.

4.4

Conclusions

In conclusion, we synthesized polycrystalline Ba3 CeRu2 O9 and investigated its magnetic
properties with a combination of magnetometry, neutron scattering, and infrared spectroscopy measurements. Our neutron powder diffraction results indicate that the hexagonal
P 63 /mmc crystal structure and the extremely short Ru-Ru intradimer distance persist down
to 0.3 K. The absence of magnetic Bragg peaks in neutron diffraction, the T -dependence of
the magnetic susceptibility, and the field dependence of the magnetization are best explained
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by single dimer ground states that are non-magnetic. Inelastic neutron scattering, infrared
spectroscopy, and magnetic susceptibility measurements determine that the non-magnetic
dimer ground state arises from a molecular orbital scenario with extremely large zero field
splitting of the Stot = 1 manifold. We attribute this large, positive zero field splitting in
Ba3 CeRu2 O9 , which ensures that it is not a single molecule magnet, to the octahedral offcentering of the Ru ions along the c-axis. Our work highlights the need to carefully consider
simple mechanisms leading to the formation of non-magnetic ground states in Stot > 1/2
cluster Mott insulators before turning to more exotic scenarios.
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Chapter 5
High-Temperature Magnetic Ordering
in the Jeff = 2 Cluster Magnet
Ba4LiIr3O12
Magnetic materials with electrons delocalized over small molecular clusters, so-called cluster
Mott insulators, have recently gained plenty of interest due to their penchant for exhibiting
exotic magnetic properties. The extremely short metal-metal distances within the molecular
clusters significantly promotes intersite effects such as electron hopping and leads to
unconventional electronic ground states at the molecular level. In this work, we discuss the
electronic and magnetic properties of the cluster magnet Ba4LiIr3O12 in which the Ir atoms
have a nominal 5d4 electronic configuration. With combined X-ray diffraction, magnetic
susceptibility, heat capacity, muon spin relaxation, resonant inelastic X-ray scattering, and
X-ray absorption spectroscopy measurements, we conclude that Ba4LiIr3O12 is a rare example
of a Ir5+ system exhibiting magnetic order. The ordering temperature is surprisingly high at
∼ 80 K. This exotic phenomena is possibly due to the large spin-molecular-orbital coupling
of the Ir2O9 dimer units that gives rise to an exotic, molecular Jeff = 2 electronic ground
state.
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5.1

Introduction and Motivation

Iridates have been studied a lot recently to explore new physics driven by strong spin-orbit
coupling (SOC) with an energy scale that is comparable to the Coulomb interaction and
crystalline electric fields (CEF). One interesting development in this field is that the double
perovskites Ba2YIrO6 and Sr2YIrO6, which had long been assumed to host non-magnetic
ground states, have recently been reported to possess anomalous magnetic moments [101,
102, 103]. Since these initial studies, the magnetic properties of these two materials have been
the subject of intense theoretical and experimental debates [102, 104, 105, 106, 107, 108]. In
fact, I led one experimental study on Ba2YIrO6 [109] which was published in Phys. Rev. B.
Finite magnetic moments were not initially expected in Sr2YIrO6 and Ba2YIrO6 because
there was a long-standing consensus that Ir5+ ions in a 5d4 (t42g ) electronic configuration
with local octahedral coordination were non-magnetic in both the single-particle scenario (jj coupling) and the strongly-correlated scenario (L-S coupling). The schematic diagrams are
shown in Figure 5.4. In the single-particle scenario, the octahedral CEF splits the five-fold
degenerate d orbital states (L = 2) into the lower energy three-fold degenerate t2g manifold
(L̃ = 1) and the higher-energy eg manifold (effective L̃ = 0). Then the strong SOC combines
the single-electron spin (s = 1/2) and orbital angular momenta, thus the t2g orbitals with
effective orbital angular momentum L̃ = 1 are split into the local effective total angular
momentum j = 1/2 doublet and j = 3/2 quartet. The latter lies lower in energy and is
therefore filled first, leaving the j = 1/2 band empty. The SOC-induced band gap between
the full j = 3/2 and empty j = 1/2 bands leads to a non-magnetic insulating ground state.
On the other hand, in the strongly correlated scenario, the main energy terms are determined
by the electrostatic interactions that control the values of L and S, while the SOC comes
as a weak perturbation [110]. In this limit, with the large CEF, the Hund’s rules dictate a
S = 1, L̃ = 1 low-spin ground state of the t42g system. L̃ and S are then coupled via SOC to
form the Jeff = 0 singlet ground state. Again, the Ir5+ ions are expected to be non-magnetic.
The anomalous magnetism in Sr2YIrO6 was first reported in Ref. [101], where the authors
claim that a magnetic transition is observed below 1.3 K due to Ir magnetism. They proposed
that the origin of the 0.91 µB /Ir moments in their Sr2 YIrO6 sample was the non-cubic crystal
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field, which splits the t2g orbitals and generates a low-energy a1g singlet and a higher-energy
eg doublet due to trigonal contraction of the IrO6 octahedra. In this case, Hund’s rules
promote a magnetic ground state (i.e. S = 1 in a spin-only picture).
However, these results seem to conflict with several subsequent experimental and
theoretical studies. First of all, the non-cubic distortion of the IrO6 octahedra in Sr2 YIrO6
is not significant, thus it should only give rise to small non-cubic crystal fields that are
almost certainly incapable of generating deviations from the expected non-magnetic single
ion state for the Ir5+ ions. In fact, although the Ba analog Ba2YIrO6 crystallizes in the
cubic space group F m3̄m, evidence for finite magnetic moments has also been reported in
this system [102]. Furthermore, a solid solution of Ba2−x Srx YIrO6 has been investigated
by both Ranjbar et al. [111] and Phelan et al. [104], and both groups found evidence for
significant magnetism with nearly constant effective moments throughout the doping series.
These results seem to invalidate the original interpretation for the magnetism presented in
Ref. [101] and therefore a different origin must be established.
Another two mechanisms for the d4 magnetism are proposed by Khaliullin [28] and Meetei
et al. [106], respectively. Khaliullin proposed the possibility of the Van Vleck-type excitonic
magnetism, where an excitonic condensation between the local J = 1 and J = 0 states is
driven by the inter-atomic exchange due to the electron hopping. Meetei et al. generally
studied the magnetism from the d4 electronic configuration and mapped out a magnetic
phase diagram that shows the rich magnetic phases as a function of the SOC constant λ,
Hubbard U, and Hund’s coupling JH with the intersite superexchanges (SE) turned on. It
shows that the large SE/hopping could give rise to the d4 magnetism. However, the likelihood
of achieving such a scenario in real materials is completely unclear. We then have to ask how
likely in real life such condensation or quantum phase transitions will happen despite the
presence of the strong SOC. Some subsequent studies show that it could be very challenging
to achieve the triplon condensation because the SOC must be strong enough to enhance the
correlation physics, but meanwhile not too strong to allow a sufficiently small singlet-triplet
gap [107]. In addition, the realized singlet ground state magnetism could be very fragile and
therefore subject to weak perturbations, such as the introduction of 4f -5d interactions [112].
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Despite the observation of magnetic moments experimentally in both Sr and Ba Ir5+
double perovskites, the DFT and DMFT calculations reported so far have not yet achieved
any non-magnetic ground states [111, 102, 107, 108]. The calculation results by Pajskr et al.
estimated the gap between the J = 0 and J = 1 states to be over 270 meV. The inter-atomic
exchange processes are too weak to overcome the SOC induced singlet-triplet splitting [107].
Thus the excitonic magnetism in both Sr2 YIrO6 and Ba2 YIrO6 is not active.
Although the mechanisms proposed for intrinsic d4 magnetism seem unlikely, extrinsic
effects remain plausible. Dey et al. [102] suggested the magnetism in Ba2 YIrO6 was due to
some paramagnetic impurities. In a later study [103], they identified a Schottky anomaly in
the specific heat of Sr2 YIrO6 and suggested that the observed Curie susceptibilities were due
to the paramagnetic impurities without long range magnetic ordering, which is in stark
contrast to what Cao et al. claimed. Our follow-up work on the isostructural system
Ba2YIrO6 single crystals additionally suggests that the anomalous features in the bulk
characterization measurements, which were originally attributed to a long range magnetic
ordering, are indeed extrinsic in this material [109]. We found that the weak magnetism
of Ba2YIrO6 could simply arise from impurities and/or lattice defects such as Y-Ir anti-site
disorder. Therefore, there is still strong motivation to conclusively identify an Ir5+ (5d4 )
material that exhibits long-range magnetic order.
Recently, we have successfully synthesized the phase pure iridium-containing quadruple
perovskite compound Ba4LiIr3O12, in which the Ir valence state is nominally 5+ (Ir5+ is
5d4 ). The main building blocks of this material are Ir2O9 dimers composed of face-shared
IrO6 octahedra, which makes it possible to obtain a strong intra-dimer interaction via direct
Ir-Ir orbital hopping. By combining X-ray diffraction, magnetic susceptibility, heat capacity,
muon spin relaxation, resonant inelastic X-ray scattering (RIXS), and X-ray absorption
(XAS), we identify high-temperature magnetic ordering in this nominal 5d4 system and
attribute it to quasi-molecular orbital formation in the Ir dimers.
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5.2

Experimental Details

Polycrystalline samples of Ba4LiIr3O12 were synthesized by solid-state reactions using a
stoichiometric amount of the starting materials BaCO3, Ir, and Li2CO3 (with 45% extra)
with purities no less than 99.9%. The starting materials were well-mixed in agate mortars,

°

pressed into pellets, then annealed at 950 C for 15 hours with oxygen gas flow in a tube
furnace.
The room temperature powder X-ray diffraction (XRD) patterns were collected using
a HUBER Image Plate Guinier Camera 670 with Ge monochromatized Cu Kα1 radiation
(λ ≈ 1.54059 Å). The XRD data can be refined in the hexagonal space group P 63 /mmc,
which is consistent with what has been reported previously by Gore et. al. [38].
The dc magnetic susceptibility and magnetization measurements were performed at
the temperatures of 2-350 K using a Quantum Design superconducting interference device
(SQUID) magnetometer. Specific heat measurements were performed using a commercial
Physical Property Measurement System (PPMS, Quantum Design).
Muon spin rotation (µSR) measurements were performed on a powder sample of
Ba4 LiIr3 O12 at the M20 beam line at TRIUMF in Vancouver, Canada. A low-background
veto mode was employed, with the sample mounted on Ag-coated mylar tape within a Heflow cryostat. Data were taken in the temperature range of 2 K to 100 K (in zero field and
weak transverse field). Longitudinal magnetic field measurements were carried out from 50
G to 2000 G at base temperature (2 K).
Resonant inelastic X-ray scattering (RIXS) measurements were conducted on polycrystalline samples of Ba4LiIr3O12 at room temperature using the MERIX spectrometer on
beamline 27-ID of the Advanced Photon Source (APS) at Argonne National Laboratory
to investigate the Ir5+ crystal-field excitations. The incident X-ray energy was tuned to the
Ir L3 absorption edge at 11.215 keV. For comparison, we also measured Ba2YIrO6 at the
same conditions as a standard 5d4 iridate material that had been previously characterized
by RIXS.
X-ray absorption spectroscopy (XAS) was performed on polycrystalline samples of
Ba4LiIr3O12 at room temperature at beamline 4-ID-D at the APS to investigate the valence
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state of the Ir in this material. Measurements were conducted at both the L2 and L3
Ir absorption edges, which occur at energies of 12.824 and 11.215 keV, respectively. For
comparison, we also measured IrCl3, IrO2 and Ba2YIrO6 at the same conditions, where the
Ir valence states are well-known and have been previously established as Ir3+ , Ir4+ and Ir5+
respectively.

5.3

Results and Discussion

Previous X-ray diffraction work found that Ba4LiIr3O12 crystallizes in the hexagonal
P 63 /mmc space group at room temperature [38], which is confirmed by our powder
X-ray diffraction measurement.

We also performed low-temperature X-ray diffraction

measurements down to 10 K and no evidence for structural transitions is found. The refined
X-ray diffraction pattern at room temperature is shown in Fig. 5.1(a). A schematic of the
crystal structure is presented in Fig. 5.1(b). The iridium ions are located in the center
of oxygen octahedra. There are two kinds of iridium sites in this material. The facesharing octahedra are occupied by Ir only, while the isolated octahedra that form a quasi-2D
triangular lattice are randomly-occupied by a mixture of Li and Ir in a 3 to 1 ratio. The
ratio of the iridium on the dimer sites (Wyckoff position 4f ) versus those iridium on the
triangular lattice sites (Wyckoff position 2a) is 8:1. The intradimer Ir-Ir distance here is
2.7447(11) Å at room temperature, which is close to the nearest-neighbor Ir-Ir distance in
elemental Ir metal of 2.71 Å [38].
Figure 5.2(a) shows the magnetic susceptibility χ (plotted as M/H) vs temperature for
Ba4LiIr3O12 measured between 2 and 350 K in an applied magnetic field of 1 kOe. A sizable
drop is observed below ∼ 80 K, which is a common signature of antiferromagnetic order. The
inverse susceptibility, also shown in Figure 5.2(a), obeys a Curie-Weiss law above this possible
ordering temperature. The linear fitting to 1/χ gives the Weiss-temperature θ = −523 K
and effective moment µeff = 4.17µB . It is surprising to observe these signatures at such a
high temperature (∼ 80 K) in this material, since a non-magnetic singlet ground state is
expected for an Ir5+ system, as explained in detail above.
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Figure 5.1: (a) The refined powder X-ray diffraction pattern at room temperature. The
ticks below correspond to the expected Bragg peak positions of the Ba4LiIr3O12 sample. (b)
The crystal structure of Ba4LiIr3O12. The ratio of the iridium on the dimer sites (Wyckoff
position 4f ) versus those iridium on the vertex-sharing Ir/Li mixed sites (Wyckoff position
2a) is 8:1.
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Figure 5.2: (a) The temperature dependence of the magnetic susceptibility (left) and the
Curie-Weiss fit to the inverse susceptibility (right) of Ba4LiIr3O12. (b) The specific heat of
Ba4LiIr3O12 (left). The red curve presents our best fit of the lattice contribution to the specific
heat by using the Thirring model. The entropy release per formula unit of Ba4LiIr3O12 is
calculated and displayed to the right. The saturation value of ∼ 16.2 J/mol-FU.K is pretty
close to the expected entropy release value of 17.8 J/mol-FU.K, assuming that the Ir dimers
adopt the Jeff = 2 electronic ground state.

To understand this abnormal behavior, it is critical to confirm that this system has an
ordered magnetic ground state. We thus conducted complementary specific heat and muon
spin relaxation (µSR) measurements to verify if this feature corresponds to the onset of
long-range magnetic order in this material.
The temperature dependence of the specific heat shows a clear transition at ∼ 78 K, as
shown in Figure 5.2(b), which is in agreement with a long-range magnetic order in this
material. The magnetic entropy was calculated by subtracting the lattice heat capacity
carefully. The red curve in Figure 5.2(b) is our best fit of the lattice contribution to the
specific heat by using the Thirring model [76, 77, 78]. The obtained magnetic entropy of
Ba4LiIr3O12 released with increasing temperature is saturated at ∼ 16.2 J/mol-FU.K (mole
formula unit of Ba4LiIr3O12), as shown in Figure 5.2(b).
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Our µSR measurements complement the bulk characterization data described above
because this technique is extremely sensitive to weak magnetism and ordered volume
fractions. µSR typically uses spin-polarized positive muons to probe the local magnetic field
at the muon stopping sites in a sample. This technique has an extremely high sensitivity to
magnetism due to the large gyromagnetic ratio of the muon and it allows one to distinguish
between static and dynamic internal fields in magnetic materials.
Above TN = 78 K in the paramagnetic phase, weak Gaussian relaxation is observed,
consistent with nuclear spins. Below TN , a quickly relaxing component develops, as shown
in Fig. 5.3(a), indicative of partial spin freezing. The muon polarization is best fit by a
two-component model
P (t) = f PS (t) + (1 − f )PD (t)

(5.1)

where PS (t) is the polarization function for a fraction f populated by static spins and PD (t)
is the polarization function for the remaining dynamic fraction of the sample.
With a time-resolution of 30 ns, PS (t) is well described by the quasi-static Lorentzian
Kubo-Toyabe function with a relaxing 1/3 tail, that is
PS (t) =

1
2
exp(−λS t) + (1 − γµ ∆L t)e−γµ ∆L t ,
3
3

(5.2)

where λS is the spin lattice relaxation rate and ∆L is the width of the Lorentzian field
distribution in the static fraction of the sample. PD (t) is given by PD (t) = PN (t)e−λD t ,
where PN (t) is the Gaussian Kubo-Toyabe function attributed to static nuclear spins and
λD = 1/T1 is the spin-lattice relaxation rate, this time of the dynamic fraction of the sample.
The frozen fraction versus temperature is shown in Fig. 5.3(c). While the internal
field in the frozen fraction develops very suddenly below TN , the frozen fraction develops
very gradually. In this regard, the phase transition resembles a 1st-order phase transition
with an exceptionally broad coexistence region. In fact, even at the lowest temperatures
studied (2 K), there remains a ∼30% dynamic component of the sample. The temperature
dependence of 1/T1 of the unfrozen fraction of the sample, extracted by fitting the data to
Eq. 5.1, is also shown in Fig. 5.3(c). Surprisingly, 1/T1 continues to increase even as the
temperature is decreased well below TN .
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Figure 5.3: (a) ZF spectra at different temperatures and (b) Longitudinal field dependence
of the muon spin relaxation spectra in Ba4 LiIr3 O12 at 2 K. Black lines are fitted with
Eq. 5.1 as described in the text. (c) Spin-lattice relaxation rate and frozen fraction versus
temperature. (d) A closer look at two different low-temperature spectra showing a small
oscillating component of the polarization. Black lines are fits to Eq. 5.3.
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µSR data in various longitudinal fields at 2 K are shown in Fig. 5.3(b).

A 50 G

longitudinal field is enough to completely decouple the muon polarization from the static
nuclear moments. Above 50 G, significant relaxation persists and must be attributed to
larger, electronic moments. The same model described by Eq. 5.1 continues to accurately fit
the data when modified to include longitudinal magnetic field, demonstrating conclusively
that the sample contains a mix of static and dynamic regions.
Upon closer inspection with a much higher time resolution of 8 ns, very small-amplitude
oscillations are detected. These are shown at 30 K (in zero field) and 2 K (in 50 G longitudinal
field) in Figure 5.3(d). In this case, the muon polarization has been fit with the following
form:
P (t) = fF PF (t) + fO PO (t) + fD PD (t)

(5.3)

with a randomly frozen component behaving as
2
1
PF (t) = e−λF t + e−t/T1 ,
3
3

(5.4)

and a well-ordered component expressing
1
2
PO (t) = e−λO t cos(ωt + φ) + e−t/T1 .
3
3

(5.5)

The weakly-relaxing dynamic fraction is described with the same function, PD (t), as before.
ω is the precession frequency generated by the well-defined internal magnetic field B =
ω/γµ = 520 ± 40 G.
While the three component fits (Eq. 5.3 and Fig. 5.3(d)) are undoubtedly more faithful
to the physics of this material, the number of parameters is overly large, the signal-to-noise
ratio of the oscillating component is poor and a simple expression for the behavior of this
model as a function of longitudinal field is lacking. Hence, we found it preferable to coarsegrain the data and approximate the static polarization with the Lorentzian Kubo-Toyabe
function of Eq. 5.2, before carrying out the analysis as a function of longitudinal field and
temperature as shown in Figs. 5.3(a)-(c).
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Figure 5.4: Hole representation of the schematic energy diagrams for the 5d 4 (t 42g )
configuration of Ir5+ in the L − S coupling limit, j − j coupling limit and the molecular
orbital (MO) limit of Ir dimers with large spin-orbit coupling (SOC).

Regardless of the specific data fitting scheme, these µSR results conclusively show that
Ba4LiIr3O12 develops magnetic order below TN = 78 K. However, even down to the lowesttemperatures studied, only a partial volume fraction of the sample (about 70%) exhibits
magnetic order. In other words, it is a stunning example of “spin slush”.
Both the specific heat and µSR measurements definitively verified that the feature at
∼ 78 K in the magnetic susceptibility measurement corresponds to the onset of long-range
magnetic order in this material. Interestingly, the experimental value for the saturated
magnetic entropy is close to the expectation of S = 43 R ln 5 = 17.8 J/mol-FU.K for a system
where the Ir dimers adopt a Jeff = 2 electronic ground state and the the iridium on the
2a sites remains non-magnetic (Jeff = 0) due to large SOC. In other words, only

8
9

of the

iridium ions in this system are magnetic due to quasi-molecular orbital formation arising
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from the large orbital hopping within the Ir dimers. We now refer to these iridium ions
as Ir1 and the non-magnetic iridium ions on Wyckoff site 2a as Ir2 , so we can check if the
experimental value of the effective magnetic moment can also be explained by this model.
We note that each formula unit of Ba4LiIr3O12 consists of
and

4
3

units of Ir1 dimers with Jeff = 2

1
3

units of Ir2 with Jeff = 0. Then we can normalize the susceptibility and entropy release
q
to formula units. Therefore, the expected µeff /f.u. should be µeff = 43 µ1 2 + 13 µ2 2 , where µ1
is the effective moment of an Ir1 dimer and µ2 is the effective moment of an Ir2 ion, which

is simply 0. We can calculate µ1 by
µ1 = gJ

p
J(J + 1)µB

(5.6)

where
gJ = 1 +

J(J + 1) + S(S + 1) − L(L + 1)
2J(J + 1)

(5.7)

For each dimer formed with two Ir5+ , there are 8 shared electrons, which gives rise to S = 1,
L = 1 and J = 2 with gJ = 1.5. Then µ1 = 3.67 µB , and µeff = 4.24 µB /f.u., which is
close to the experimental value of µeff = 4.17 µB in Figure 5.2(a). Therefore, a molecular
Jeff = 2 electronic ground state can completely explain the bulk characterization data of
Ba4LiIr3O12, indicating that the magnetic order in this material arises from the breakdown
of the local moment picture that generates non-magnetic ground states in Ir5+ materials.
The proposed molecular orbital diagram for this system is shown in Figure 5.4, although
the exact energy scale of the MO effects and SOC need to be determined theoretically.
This intriguing magnetic order might motivate subsequent theoretical investigations to fully
understand the origin of the magnetism in this system.
With the magnetic order in Ba4LiIr3O12 now conclusively identified, we turn to a
discussion of possible origins. Since one viable scenario is Ir charge order leading to a
combination of magnetic Ir4+ and Ir6+ , we performed X-ray absorption spectroscopy (XAS)
measurements to investigate the Ir valence states in this material. Figure 5.5(a) shows the
XAS spectra at the Ir L3 and L2 edges for Ba4LiIr3O12, plotted as the linear X-ray attenuation
coefficient µ(E) vs energy. We also collected data on the iridates IrCl3, IrO2, and Ba2YIrO6,
which have well-characterized Ir valence states of 3+, 4+, and 5+ respectively. From a direct
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Figure 5.5: (a) X-ray absorption spectra (XAS) at the Ir L3 and L2 edges for four iridates
with different Ir valence states. (b) Resonant inelastic X-ray scattering (RIXS) spectra
collected at the Ir L3 edge (Ei = 11.215 keV) for two d4 iridates Ba4LiIr3O12 and Ba2YIrO6.
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comparison of the Ba4LiIr3O12 and reference iridate spectra, the nominal Ir5+ valence state
in Ba4LiIr3O12 can be concluded because of the same XAS line shapes of Ba4LiIr3O12 and
Ba2YIrO6, and an Ir3+ and Ir4+ valence state will cause a large energy shift of 3 eV and
1 eV respectively as that observed in IrCl3 and IrO2. It is immediately clear that the Ir
valence state in Ba4LiIr3O12 is the closest to Ir5+ . Notably, there are no signs of multiple Ir
valence states in this data, which rules out a charge ordering mechanism driving the magnetic
ordering.
Finally, we performed resonant inelastic X-ray scattering (RIXS) measurements on
Ba4LiIr3O12 to look for deviations in the d-d excitation spectrum expected for an Ir5+
material. Our RIXS results are presented in Figure 5.5(b) and compared with an Ir5+
reference material Ba2YIrO6. As explained previously, this double perovskite has a wellcharacterized Ir5+ valence state with the Ir ions in an octahedral environment, and
therefore its RIXS spectrum provides a good benchmark for this situation. Notably, the
RIXS spectrum for Ba4LiIr3O12 shows strong deviations from the Ba2YIrO6 spectrum. In
particular, the intra-t2g excitations identified below an energy loss of 1 eV are quite broad; this
is likely due to distinct electronic ground states and/or different crystal field environments
for the Ir ions at the 2a and 4f sites. Ir/Li site mixing at the 2a position also plays a role in
generating a distribution of crystal field environments. These results are broadly consistent
with our findings presented above that do not support a simple 5d4 electron configuration
for all the Ir ions in Ba4LiIr3O12.

5.4

Conclusions

In conclusion, we have successfully synthesized a phase pure quadruple perovskite iridate
compound Ba4LiIr3O12 in which the Ir atoms have a nominal Ir5+ valence state. With a
combination of powder X-ray diffraction, magnetic susceptibility, heat capacity, muon spin
relaxation, X-ray absorption spectroscopy, and resonant inelastic X-ray scattering we have
shown that this system exhibits magnetic order at a high temperature that arises from
quasi-molecular orbital formation at the Ir dimer sites.
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Chapter 6
Conclusions
6.1

Summary of Original Research

In this dissertation, three different examples are presented where quasi-molecular orbital
formation plays a key role in establishing the electronic ground states and magnetic properties
of heavy transition metal molecular magnets with the 6H-perovskite structure.
In Chapter 3, we have used a combination of bulk characterization, muon spin relaxation,
neutron diffraction, and inelastic neutron scattering to identify an intermediate Stot = 3/2
Ru dimer ground state in Ba3LaRu2O9 that is generated by orbital-selective Mott insulating
behavior at the molecular level. We also find collinear stripe magnetic order below TN = 25 K
for these spin-3/2 degrees-of-freedom, which is consistent with expectations for an ideal
triangular lattice with significant next nearest neighbor in-plane exchange. Finally, we
present neutron diffraction and Raman spectroscopy data under applied pressure that reveal
low-lying structural and spin state transitions at modest applied pressures P ≤ 1 GPa, which
highlights the delicate balance between competing energy scales in this material. Interesting
future directions for Ba3LaRu2O9 include identifying the origin of the T 2 -dependence of
the low-temperature specific heat, determining the magnetic Hamiltonian giving rise to the
moment direction of the stripe spin order, solving the high-pressure crystal structure, and
carefully mapping out the temperature-pressure phase diagram. Our work highlights the
need to develop a comprehensive understanding of the electronic ground state of a heavytransition-metal based molecular magnet, where large orbital hopping may lead to the
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breakdown of a simple local moment/double exchange picture, before the collective magnetic
properties of the system can be properly identified and characterized.
In Chapter 4, we synthesized polycrystalline Ba3 CeRu2 O9 and investigated its magnetic
properties with a combination of magnetometry, neutron scattering, and infrared spectroscopy measurements. Our neutron powder diffraction results indicate that the hexagonal
P 63 /mmc crystal structure and the extremely short Ru-Ru intradimer distance persist down
to 0.3 K. The absence of magnetic Bragg peaks in neutron diffraction, the T -dependence of
the magnetic susceptibility, and the field dependence of the magnetization are best explained
by single dimer ground states that are non-magnetic. Inelastic neutron scattering, infrared
spectroscopy, and magnetic susceptibility measurements determine that the non-magnetic
dimer ground state arises from a molecular orbital scenario with extremely large zero field
splitting of the Stot = 1 manifold. We attribute this large, positive zero field splitting in
Ba3 CeRu2 O9 , which ensures that it is not a single molecule magnet, to the octahedral offcentering of the Ru ions along the c-axis. Our work highlights the need to carefully consider
simple mechanisms leading to the formation of non-magnetic ground states in Stot > 1/2
cluster Mott insulators before turning to more exotic scenarios.
In Chapter 5, we have successfully synthesized a phase pure quadruple perovskite iridate
compound Ba4LiIr3O12 in which the Ir atoms have a nominal Ir5+ valence state. With a
combination of powder X-ray diffraction, magnetic susceptibility, heat capacity, muon spin
relaxation, X-ray absorption spectroscopy, and resonant inelastic X-ray scattering we have
shown that this system exhibits magnetic order at a high temperature that arises from
quasi-molecular orbital formation at the Ir dimer sites.

6.2

Outlook

Heavy transition metal molecular magnets are receiving a great deal of attention recently due
to their penchant for hosting exotic magnetic phenomena, but quite often an invalid local
moment picture is taken as the starting point for describing the magnetism in these systems.
Hopefully, this thesis will help to establish that intersite effects need to be considered from the
very beginning due to the large orbital hopping inherent to many of these materials. Detailed
91

theoretical studies of these molecular magnets, including density functional theory, will also
be invaluable for establishing the validity of quasi-molecular orbital physics and determining
the molecular orbital energy level scheme in a wide variety of materials beyond the relatively
simple 6H-perovskite family. There is great potential for more exciting discoveries to be
made in this relatively unexplored class of hard condensed matter systems.
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